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ABSTRACT 
This work is a study of the rst row transition 
metals Ti, V, Cr, !1n, Fe, Co, Ni, Cu and Zn in three soil 
monosequences and iron-manganese concretions. Three wet 
chemical decomposition techniques, to be used for the dissol-
ution of soil samples, were assessed. Analysis of the result-
ing solutions for the transition metals, except Ti, by atomic 
absorption spectroscopy was compared with the analysis of 
solid samples by X-ray fluorescence. The transition elements 
were also determined in three International Rock Standards, 
and spiking experiments were used to determine recovery of 
these elements after sample decomposition and analysis. 
The three monosequences studied were selected in order 
to examine separately, time, the biotic factor and topography 
as soil forming factors as soil development proceeded. The 
soils studied were from the Reefton area and Bealy catchment 
of the South Island of New Zealand. Data for the chronosequ-
ence soils were presented on both a mass per mass and mass per 
volume basis to facilitate a meaningful comparison of the 
trace elements, in soils of widely varying properties. 
Both chemical and mineralogical studies were carried 
out on iron-manganese concretions from an Irwell pasture in 
Canterbury 1 New Zealand. This data, together with data obtain-
ed from electron microprobe analyses, was used to demonstrate 
trace element enrichment in the concretions. It was found 
that Co and Zn were the trace elements most strongly enriched, 
and that generally, the transition metals were enriched more 
strongly in the Mn phases of the concretions than in the Fe 
phases. An analys of possible explanations for this 
to the suggestion sorption of trace elements on to }ill 
and Fe oxides is probably the major factor. 
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PART ONE 
CHAPTER 1 
INTRODUCTION 
Of the many elements necessary for plant growth, only 
a few are required in large quantities. Deficiencies of the 
elements required in small amounts (trace elements present at 
-1 the ~g g level) are often found in certain crops or some 
types of soil. However, more intensive cropping practices 
generally can result in a change in trace element availability 
to plants, and a faster depletion of elements not added to 
the soils in fertilizers 1 . As the demand for higher yields 
increases, and the plant's need for major elements is more 
effectively satisfied, trace elements are more likely to be-
come a limiting factor in plant growth. 
Many trace elements have been classified as essential 
trace elements required by plants for normal and healthy 
growth, and include the transition metals Mn, Fe, Cu and Zn, 
as well as Band Mo 2 . Cobalt is also reported to be essential 
for leguminous plants 3 , while chlorine is needed by plants in 
1 . 4 very ow concentratlons . Mammals need all of these elements, 
except possibly B, although ruminants have a much higher 
demand for Co than do plants. Mammals also require I, and 
some species at least, require trace amounts of Se and cr2 . 
In Table 1.1 the trace elements essential for healthy 
plant growth are shown. The present work involved a study of 
the first row transition metals. 
TABLE 1.1 Trace Elements Essential for Plants 
Mo Mn Fe Co Cu Zn B Cl 
2 
The trace elements essential to plants must be present 
in the soil solution in a form which plants can use, and at 
suitable concentrations for plant growth. Essential trace 
elements are usually involved in specific processes related 
to plant growth, for instance Mo and Co are thought to be 
involved in nitrogen fixation 3 , Zn is thought to be involved 
5 in the formation of growth hormones in plants , and Cu with 
h . . 6 t e resp1rat1on process . 
If the concentration of essential trace elements is 
too low, deficiency results, while if levels are too high, 
the elements can be toxic to plants. For example, soils 
derived from ultrabasic rocks, such as serpentine, are likely 
to be infertile due to high levels of Ni and Cr in the soil 
1 . 7 so ut1on . This toxicity may be reduced by liming if the 
soils are acidic. 
The principal source of many of these trace elements 
1n the soil is as impurities in compounds of other elements 1 . 
Thus, many of them have isomorphously replaced a very small 
p~oportion of the major ions constituting rock and clay 
silicates, and others are absorbed when precipitates such as 
Fe and Mn oxides 8 are being formed. Therefore, much of the 
soil Co occurs in association with Mn precipitates, and much 
f h d babl . h f . . d . . t 10 o t e Mo, an pro y V, w1t err1c ox1 e prec1p1 ates ; 
hence soil factors which control the dissolution or form-
ation of these precipitates, or alter their surface properties, 
affect the pool of active Co and Mo. Some elements have their 
availability affected by the presence of soil organic matter 
for there are many organic compounds present in low concentra-
tions in the soil solution which form chelation compounds with 
them. In general, poor drainage usually increases the 
solubility of Mn, Co, Ni, Cu, Zn and Mo 11 ' 12 , while liming 
usually reduces the concentration of Mn, Co, Ni, Cu and Zn 
in crops and increases Mo. 
l. Studying trace elements in the soil 
3 
The soil is a very complex system, involving organic 
and inorganic components. A soil in the field can have great 
variations in elemental concentrations within very short 
distances due to factors such as different drainage patterns, 
and different parent material. It is therefore necessary for 
care to be taken in selecting S'ampling sites. Having obtained 
a soil sample, organic matter and clay contents, pH and bulk 
density will be recorded for each horizon samples from the 
soil profile. The concentrations of elements in each horizon 
are determined from chemical analysis of the soil. It is 
also useful to estimate, with certain solutions, the amount 
of the elements that can be selectively dissolved from the 
soil sample, since this yields information on trace element 
availability and mobilization, often highlighting the move-
ment of elements within a profile, as a result of the soil 
forming factors such as time or topography. 
Usually it is difficult to be definitive on the cause 
of the observed trends in concentrations of elements or other 
soil properties, since many factors are likely to be involved 
in producing a soil. Correlation analysis of the concentrat-
ions or properties of elements is often used in an attempt to 
indicate relationships between different soil factors, such as 
elemental concentrations, clay contents, etc., as is an 
4 
investigation of trends in concentrations down a profile or 
within the sand, silt and clay fractions of the soil. In 
some cases, techniques can be used to directly analyze soils 
or soil bodies to demonstrate interelemental associations, 
rather than relying on correlation analysis. For example, 
the electron microprobe can be used to show elemental assoc-
iations in iron-manganese concretions. 
2. Monosequences in soil studies 
In the investigation of soil processes it is advantag-
eous to study monosequences - soil sequences where only one 
of the factors influencing soil formation has varied effect-
i vely. Such sequences are invaluable since they allow quant-
itative investigation of the most important processes in soil 
development. 13 Jenny noted that such monosequences are rare, 
and so suggested that a useful app'roximation to a monosequence, 
within a given area, could be made when the degree of change 
in a specified soil property, as affected by one soil-forming 
factor, greatly exceeded the changes caused in that soil 
property by the remaining soil-forming factors. 
In the present study, the three monosequences investi-
gated were a chronosequence (with time as the dominant soil 
forming factor), a biosequence (the biotic factor being domin-
and), and a toposequence (topography the dominating feature). 
SOIL FORMATION 
Attempts have been made to produce a mathematical model 
relating soil properties to the various soil forming 
14 15 factors ' . Jenny's fundamental equation relating soil-
5 
forming factors is 14 
s = f ( cl, o 1 r 1 p, t, . . . ) 
in which s is any soil property. The five soil-forming 
factors are climate (cl), the biotic factor (o), topography 
(r), parent materi (p), and time (t). These are independ-
ent variables and are said to define the soil system. The 
incomplete nature of the function shows that other soil-
forming factors could also be involved in some circumstances. 
1. Time 
Time is one of the prime factors of soil formationi 
many changes in soil properties are directly proportional to 
the length of time that the soil-forming factors have 
14 
operated . The attributes and properties of soils as they 
now appear in different soil types have apparently been con-
ditioned to a large extent by the length of time it took for 
soil development. Raeside 16 considered that time in itself 
has no effect on the soil system, but that it governs the 
extent or duration of process whose nature is determined by 
other soil-forming factors. Rode 17 considered that soil 
development results in a continual change in the composition 
and properties of soil with time. In this change, a series 
of stages following each other in succession can be identi 
ied. For instance, consecutive members of a chronosequence 
have at one time passed through and been equivalently devel-
oped as the stages of development represented by all members 
preceding them in the sequence. 
6 
2 ' t' f ·t 18 . Blo lC ac or 
Organisms affect the soil in many ways. For conven-
ience they can be classified under vegetation, animals and 
microorganisms. Generally there is a close relationship 
between the natural vegetation and the soil. This results 
from the influence of the soil on the vegetation and the 
influence of the vegetation on the soil. Animals influence 
the soil indirectly through their effect on the vegetation 
and directly through their physical effects on the soil and 
through the part they play in the decomposition of organic 
material. Some of the soil dwelling animals are worms, snails, 
beetles, ants, rats and rabbits. By their burrowing', soil 
animals make channels for air and water to penetrate through 
the soil, help to break up massive horizons, and provide 
passages for roots to penetrate. Most groups of soil micro-
organisms cannot be seen with the naked eye, but their effects 
in the soil are observable. Often the friability of soils is 
a product of the microbial degradation of plant remains and 
their conversion to decomposition products. For example the 
smell of sulphide in waterlogged soils is due to the presence 
of sulphate reducing bacteria. 
3. Topography 
Topography lS the shape of the landsurface. Two 
aspects of topography are important in soil development. 
Firstly, the relief of the land, whether on a hillside or 
valley floor for example, and secondly 1 the drainage patterns 
afforded by the relief. A toposequence of soils is likely to 
comprise soils situated at positions of different relief, and 
therefore different drainage patterns, within a given area. 
The basic process producing a toposequence of soils is the 
movement of water from slopes into the ground water or into 
2 the river draining the catchment . 
SOIL TERMINOLOGY 
7 
The following is an introduction to the soil terminal-
ogy used in this thesis. 
1. Horizon designations 
The soil profile consists of 
distinct layers, called horizons, 
which result from soil development. 
The main horizons, labelled 0, A, 
B and C (Figure 1.1) may also be 
subdivided further. 
The 0 horizon is organic, 
forming above the mineral soil, as 
0 
A 
B 
c 
Figure 1.1. 
Increasing 
depth 
The position of horizons 
in the soil profile. 
a result of contributions of organic matter from vegetation, 
animals and microorganisms. The A horizon, which is eluvial 
(a region of loss of elements), lies near to the surface of 
the soil, while the B horizon, deeper down profile, is illuv-
ial (a region of accumulation of sesquioxides and clay)·. At 
greater depths still, there is the C horizon, which consists 
of unconsolidated material. 
The characteristics of each horizon are described by 
letters (Table 1. 2) following the general horizon designation 
19 
as 0, A, B or C . 
As an example of the horizon designations, Bhs refers 
to an illuvial B horizon, in which sesquioxides and organic 
TABLE 1. 2 
Designation 
g 
h 
p 
r 
s 
u 
w 
Horizon Designations 
Description of features of horizon 
mottling 
accumulation of organic matter 
disturbed by ploughing 
strongly reduced 
accumulation of sesquioxides 
unspecified 
alteration in situ 
matter have accumulated. If a number precedes the horizon 
designation, for example 2Bs, the number 2 means there is a 
lithic discontinuity - that is, the material the horizon is 
composed of originated from a different material to the 
8 
horizons above it. Such lithic discontinuities can arise due 
to wind blown loess deposits, or a glacier removing upper 
horizons thereby exposing lower horizons, which may be covered 
by glacier debris or material transported to the site at a 
later stage. 
2.. Profile abbreviations 
The profiles of the soils studied in this work are 
abbreviated according to the details given 1n Table 1.3. 
This is a local system of nomenclature and is not an inter-
national system as is the case for the designation of soil 
horizons. 
MONOSEQUENCE SOILS SELECTED FOR PRESENT STUDY 
1. Chronosequence 
20 Campbell reported the Reefton monosequence as a 
TABLE 1. 3 
Sequence 
Chronosequence 
Biosequence 
Toposequence 
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Soil Type and Abbreviations for Horizons 
and Profiles Used in this Thesis 
Soil Type Profile Abbreviation Horizons 
Hoki tika sandy loam Ho Aul,Au2,C 
Hari Hari sandy loam Ha Ag,ACg,Cr,Cs,D 
Ikamatua fine sandy Io OA,A,Bsl,Bs2,Cl, 
loam (older variant) C2 
Ikamatua fine sandy Iw OA,A,Ar ,Brl,Br2, 
loam (wetter variant) Crl,Cr2 
Ahaura silt loam Ah A,AB,B2l,Bs2,Bs3, 
Cl,C2 
Kumar a silt loam Ku A,Er,Brl,Br2,Br3, 
Cr 
Okarito Ok A,Ag,Brl,Br2,Br3, 
Bs,C 
Ahaura silt loam Ah A,AB,Bsl,Bs2,Bs3, 
Cl,C2 
Podzolized Ahaura Pod Ah O,E,Bs,C 
silt loam 
Lower Footslope L.F.S. Ar,Er,Brs,Bhrs, 
gleyed humus podzol Br,Cr 
Crest podzolozed Crest E,EB,Bhs,2Bs,2Bw 
brown earth 
chronosequence suitable for study of the effect of time as a 
soil forming factor. The greater part of the Grey Inangahua 
Depression, which contains the Reefton chronosequence, is 
covered by the outwash gravel fans derived mainly from granite 
and indurated sandstone, formed during the three major periods 
of late Pleistocene glaciations. During the long warm inter-
glacial and post-glacial periods, the outwash gravels lying in 
the Grey-Inangahua Depression were terraced by rivers, giving 
rise to a series of terraces of different heights. These 
10 
terraces, from lowest to highest, correspond to a chrono-
sequence from the youngest to oldest in terms of soil devel-
opment. 
The glaciations involved, in order of occurrence and 
of decreasing magnitude, are: the Piedmont glaciation, First 
Valley and Second Valley glaciations 21 (Table 1.4). In a 
subsequent study of glacial deposits and outwash fans in 
22 Nelson and Westland, Suggate produced revised correlations 
of glaciations in the Inangahua Depression with Quaternary 
formations in Nelson and North Westland (Table 1.4). 
TABLE 1.4 Correlation of Glaciations in the 
Inangahua Depression with Formations at 
Reefton, Nelson and North Westland 
Glaciation Formation Chrono-
Reef ton Nelson N. Westland sequence Terraces 
Otira Second Valley Speargrass Later Ku-3 
glaciation Earlier Ku-3 Io 
deposits Ku-2 Ah 
Waimea First Valley Tophouse Ku-1 Ku 
glaciation 
deposits 
Waimaunga Piedmont Manuka Hohonu Ok 
glaciation 
deposits 
23 Suggate and Moar suggested that the Ku-2 glacier 
advance occurred during the period 18,600-22,300 years B.P. 
(before the present) - as determined by radiocarbon dating. 
They also considered that since pollen analysis results 23 
indicated a barren treeless landscape in the Grey Valley 
during this period, conditions would probably have been 
11 
similar in the nearby Inangahua Valley. Therefore, it is 
assumed that the development of the Ahaura (Ah soils - those 
formed on the outwash terrace from the Ku-2 advance - began 
20 
about 18,000 years ago 
It has also been assumed that the Io soils have formed 
on d~gradational terraces following the retreat of the earl-
ier Ku-3 advance 20 . Radiocarbon dating has been used to 
23 
estimate the age of the Io soil as 16,000 years B.P. . 
Campbe 20 indicated that the Hokitika (Ho) and Hari Hari (Ha) 
soils of the present flood plain are 1000 years old, consist-
ent with the observation that these soils have not yet devel-
oped B horizons. 
There has been fficulty in attempting to date the 
beginning of soil formation for the soils of the Tophouse and 
Manuka Formations. 24 Nathan and Moar found that a sample 
from the Tophouse Formation was beyond the range of carbon 
dating (greater than 47,500 years B.P.). 20 Campbell , using 
results of climatic variation studies suggests 70,000 years 
B.P. r the age of the Tophouse Formation, and 130,000 years 
B.P. as the age of the Manuka Formation, corresponding to the 
ages of the Kumara and Okarito soils of the present study, 
respectively. 
The soil type, horizon and pro le abbreviations and 
type of monosequence are given in Table 1.3 for the soil 
sequences of this study. The five member chronosequence is 
the most complete of the soil sequences studied in this work. 
Profile descriptions for each profile sampled are given in 
Appendix 2. Information on the chronosequence is also pre-
sented in Table 1.5. 
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2. Biosequence 
The two member biosequence comprises the Ah profile, 
also a member of the chronosequence, and the Pod Ah profile, 
adjacent to a large beech tree stump. The biotic factor 
under investigation is the effect of the beech tree on soil 
development. It was thought likely that there would be sig-
nificant variations in trace elements between the two sites 
in light of the previous study on the biosequence 20 . 
3. Toposequen~e 
The L.F.S. and Crest profiles (Table 1.3) were the end 
members of a toposequence study carried out by Young 25 just 
the end members were studied here as it was anticipated the 
differences in trace elements would be more marked between 
them, rather than at intermediate sites. As indicated by the 
profile names, the Crest profile was at the top of a slope, 
and the L.F.S. near the bottom, thereby facilitating the 
study of topography as a soil forming factor. 
SITE SELECTION 
Site selection was not carried out randomly on each 
terrace of the chronosequence, as on any terrace; local 
features such as trees or slope can result in a soil develop-
ment not typical of the terrace. The effect of trees on site 
selection was examined in this study. 
l. Effect of trees on site selection 
Some beech forest remains on the terraces that the Ho, 
Ha, Io and Ah profiles were selected from in the chronosequ-
ence. Wherever beech forest is present, the soils show vary-
13 
ing degrees of soil development in the form of podzoliza-
t . 20,25 1on . 20 An exploratory survey showed that the intensity 
of podzolization is closely related to living beech trees or 
decaying tree stumps, and is greatest the larger the tree, 
and the closer to tree. However, the podzolization does 
not normally extend beyond 7 m from the tree. 
Within this 7 m us, and increasing in intensity 
towards the tree, acid leaching (pH 3.0-4.5) of water soluble 
organic chelates, the mobilization of Al and Fe, and the 
destruction of clay minerals, happen simultaneously. 
Each terrace 1n the chronosequence therefore has soi 
at fferent stages of soil development, ranging from strongly 
podzo zed immediately surrounding beech trees to weakly 
podzoli at greater than 7 m from any tree. The soils on 
the Ahaura terrace exhibit greatest range of podzolization, 
with strongest and weakest podzolization occurring at the 
Pod Ah and Ah sites respectively. There is no such fferent-
iation of the soils on the terraces containing the Ku and Ok 
soils, for in these cases soil development has progressed 
through podzoliz on already, and are at the stage of deve 
opment described as gley podzols. remaining chrono-
sequence soi at the Ho and Io sites (as well as the Ha and 
Iw sites) were liberately selected to be more than 7 m from 
the nearest beech tree. On each terrace, any drainage irreg-
ularity or any other factor likely to affect the soil develop-
ment were also noted, and such p s avoided as sampling 
sites. This procedure results in the youngest, least develop-
ed soils from each terrace being sampled, and provides samples 
for the chronosequence in which time is the main s 1-forming 
tor. 
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2. The sampling sites 
(i) Chronosequence. Details of the sites,samples and 
the soils of the chronosequence are given in Tables 1.3, 1.5 
and 1.6. In order to investigate time as a soil-forming 
TABLE 1. 6 Summary of Site Selection Details 
Sequence Soil Forming Site 
Factor Studied 
Chronosequence Time Ho,Ha,Io,Iw, 
Ah Ku,Ok -
Biosequence Biotic factor Ah 
Pod Ah 
Toposequence Topography Crest,L.F.S. 
Waterton soils Topography 
Site 
Characteristics 
>7.0 m from near-
est beech tree. 
Each site is on 
successively 
older terraces. 
>7.0 m from near-
est beech tree. 
<0.1 m from near-
est beech tree . 
1. 0 m from near-
est beech tree. 
A pasture; set of 
profiles across a 
shallow gully . 
factor, site selection was made with a view to minimize 
variations in the other soil-forming factors. The criteria 
used to ascertain site suitability for the chronosequence are 
20 
as follows ; 1) the parent material should be of constant 
composition, and in this case was composed of river alluvium, 
outwash gravels, sands, and silts originating from granite 
and indurated sandstone. Following the commencement of soil 
genesis, there should not have been any additions of loess, 
alluvium or nutrients. Deepest soil profiles and finest 
textured soil are preferred. 2) If the area is vegetated, 
the site should be situated in beech dominated forest, since 
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beech or beech-podocarp forest has been the dominant biotic 
factor in the genesis of the chronosequence soils. 3) The 
area of the site should be typical of the area, and the site 
should not be situated near the edge of a terrace or in a 
depression. 4) The influence of man and animals should have 
been minimal, and 5) it should be possible to estimate the 
age of the soils of each site. 
To assist in establishing the relationship between 
drainage and soil development,two poorly drained variants, 
Ha and Iw, were sampled for comparison with the freely 
drained, and otherwise comparable, Ho and Io profiles. These 
sites may also assist in understanding the different proper-
ties of the younger freely drained soils (Ho, Io, Ah) and the 
waterlogged gley podzols on the two oldest terraces (Ku and 
Ok) . 
The sites samples for the chronosequence soils are 
shown in Figure 1.2. 
(ii) Biosequence. An assessment of the biotic factor 
on soil development (Table 1.6) is made by comparing the 
properties of the Ah and Pod Ah soil profiles. The Pod Ah 
profile was sampled at the base of a large decaying beech 
stump, on the low glacial outwash terrace (Table 1.5). The 
site of the Ah profile, a member of the chronosequence, was 
7 m away. 
(iii) Toposequence. The toposequence site is on an 
ice truncated spur which provides a variety of drainage 
characteristics, ranging from shallow (0.4 m) well-drained 
soils, through varying degrees of drainage, to gley podzols 
and peat. Since the area studied was under beech forest, the 
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Crest and L.F.S. profiles were both sampled 1 m from similar 
sized beech trees-in an attempt to obtain soil samples from 
sites of comparable lopment (Table 1.6) . The Crest 
profile is ly drained, while the L.F.S. is poorly drainedi 
the two profiles are 150 m apart. 
(iv) Waterton soils. Another aspect of this work 
involved the investigation of the trace element content and 
distribution in iron-manganese concretions. While a topo-
graphic ature, a 1 gully, is important in the formation 
of these concretions, this section of the work was primarily 
concerned with the concre ons themselves, rather than the 
soil forming factor. 
The main feature of the Waterton clay loam in which 
the concretions were formed, is slow drainage, which results 
in the soil lying wet in the winter and becoming in the 
summer. 
The sampling sites were se cted in an earlier study 26 
and comprise four sets of three profi , with each profi 
set spanning 20 to 30 m across a shallow gully of less than 
0.5 min depth. In the present study, four horizons were 
selected from these profiles. The horizons se cted were 
chosen because they contained the largest percentage of 
. h f . 26 welg t o concretlons . 
The soil forming factors of climate, time, biotic 
factor and parent material do not vary significantly from 
one profile to the next, leaving topography as the major soil-
forming factor responsible for concre on formation (Tab 
1. 6) • 
AIMS OF THE PRESENT STUDY 
There were broad aims in the present study. 
rstly, it was necessary to investi several chemical 
methods of decompos on for soils and rocks in preparation 
the analysis of samples for trace elements. A com-
parison of different trumental analy cal techniques 
lable was also made to find the technique most suitable 
the soil analys 
Secondly, the behaviour of trace elements in soils, as 
a function of soil development was considered. Three mono-
sequences, as cons 
element content re 
lopment. 
red above, were chosen and the trace 
d to the processes occurring in soil 
Thirdly, it was proposed to use an electron microprobe 
to analyse some iron-manganese concre , in order to est-
sh trace e 
chemical and 
associations. This information, together 
ralogical analyses, would assist in 
c fying the behaviour of trace e in these concretions. 
FORMAT OF THESIS 
In Chapter 2 results are given analysis on soil 
, organic matter and particle size fractionation. The 
presentation of results on a mass per mass or mass per vo 
bas is introduced along with the reasons for doing so. A 
review of literature on trace elements in soils is given in 
Chapter 3, and is intended as a background for a discussion 
of results found in s work. In 4 and 6, the 
results and discussion of the analysis of soil sequences and 
iron-manganese concretions are presen respectively. A 
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review of selected decomposition methods used in soil analysis 
is given in Chapter 5, together with an analysis of the 
results of the methods used. Chapter 7 contains a description 
o~ the experimental techniques together with relevant back-
ground theory, while in Chapter 8 the significance of the 
results is considered. As a great number of tables and figures 
o~ results have been produced, these are given in Appendix 1, 
~lthough representative data are incorporated within the text. 
Appendix 2 contains profile descriptions of the soils of this 
study, and Appendix 3 is a glossary of soil related terms. 
CHAPTER 2 
SOIL pH, ORGANIC MATTER, AND THE PARTICLE SIZE ANALYSIS 
OF SOILS 
In order to interpret analytical data on trace 
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elements in the tnree soil sequences studied, it is necessary 
to know the variations in soil pH and organic matter content. 
In this chapter, the results on the measurement of soil pH 
and soil organic matter are presented. The expression of the 
results on a percentage is, and as the total amount of 
soil constituents in a soil profile is discussed. The results 
of the fractionation of soil samples into sand, silt, and 
clay are given, and some aspects of the fractionation of 
so are also discussed. 
SOIL pH 
l. Introduction 
The pH of a solution re to the hydronium ion 
concentration arising from the partial or complete dissoc-
iation of species in. solution. This concept of pH is satis-
factory when the volume is large compared with molecular 
dimensions, for then the molecules and ions of the solution 
are uniformly dispersed. The pH of a solution containing a 
soil dispersed in water is not so clearly de d 2 . Soil 
particles, which carry ions attached to them, are very large 
compared with molecular dimensions, and consequently there is 
not a uniform distribution of the ions throughout the 
solution. The concept of the pH of a soil suspension can 
therefore only be discussed in relation to the soil properties 
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of the ionic particles bound to the soil particles. 
Almost all soils have pH values in the range 3.0 - 9.0. 
The pH value of a soil may exceed 9.0 when a significant 
amount of Na 2co3 exists in the soil. The hydrolysis of 
sodium carbonate produces OH ions; 
resulting in an alkaline solution. The lower pH limit of 3.0 
for a soil is probably controlled by organic acids and poly-
phenols washed off leaves and vegetation. 
The two cations H+ and Al 3+ are largely responsible 
for soil acidity. Adsorbed H+ ions contribute directly to 
the H+ ion concentration in the soil, while Al 3+ ions do so 
indirectly through hydrolysis 2 , 27 ; 
Other sources of protons in the soil are -SiOH (pH 7) and 
-AlOH groups at the surfaces of silicate clays, and carboxyl 
(-COOH) and phenol (phenyl-OH) groups on the humus colloids. 
These groups contain covalently bonded hydrogen, which is not 
dissociated at low pH. As the pH increases, however, the 
proton dissociates leaving a negative charge on the colloid. 
The H+ ions that have dissociated are replaced by other 
metallic cations. 
During the decomposition of soil organic matter, both 
inorganic and organic acids are formed. The oxidisable 
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fractions of organic matter are composed mainly of carbon, 
hydrogen and oxygen, and the overall decomposition reaction 
is; 
+ 
Also 
Many organic intermediate products are formed, such as short 
chain fatty acids, hydroxy-carboxylic and polycarboxylic 
acids, alcohols, aldehydes, and ketones. Since the equilib-
rium above involving co 2 , H2o and H2co 3 lies largely to the 
le , it is unlikely to account for the low pH values found 
in many ls. 
Inorganic mineral acids, such as H2so 4 and HN0 3 , along 
with the stronger organic ds, such as oxalic acid, fumaric 
acid and malic d, account the development of strongly 
acidic conditions. Some of the reactions, and the bacte a 
involved in production of H2so 4 and HN0 3 following 
organic matter decomposition are 2,27 
(Nitrobacter) 
(Thiobacillus) 
2 Soil values 
The pH value determined for a soil-water suspension 
will be in ced by relative amounts of the various 
soil constituents and the soil-water ratio. Since soils 
always contain soluble salts, such as nitrates and bicarbon-
ates, the measured will depend on the amount of water 
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added to give a soil-water suspensioni a soil-water ratio of 
28 1:2.5 is usually used 
The amount of salt, which varies with soil type, 
influences the pH of a soil-water suspension. This influence 
can be reduced by carrying out all the pH measurements in a 
salt solution, that is concentrated sufficiently to make the 
changes due to the different salt concentrations of the soils 
negligible. Cation exchange will inevitably occur when a 
salt solution is added to a soil, causing a liberation of 
+ . d some H lons an a lowering of the soil pH value. 
The pH of a soil is usually measured in one of three 
ways, 1) in a soil-water suspension, 2) in a 1.0 M KCl 
solution 29 (which is assumed to approach the pH at the soil 
particle surfaces), and 3) in a 0.01 M CaC1 2 solution
30 (which 
is assumed to approach the ionic strength of soil solutions). 
31 Bache , however, has observed that for soil with pH values 
between 5.0 - 6.0, when placed in a 0.01 M CaC1 2 solution, 
the pH values slowly rise, possibly due to polymeric alurnin-
iurn species taking up protons from the solution. 
3. Effect of tree species on soil pH values 
Organic matter can have a pronounced effect on soil 
20,32,33 pH values. Several authors have observed that soil pH 
values of upper horizons decrease as tree sterns are approached. 
Kaurichev et a1. 34 studied the organic acids in some 
forest gleyed and podzolic soils of Russia. They found that 
the level of low molecular weight organic acids, which 
included oxalic, tartaric, citric, fumaric, malic and 
glycolic acids, ranged from 4 to 65% of the carbon in the 
water soluble organic matter of the soil solutions. In these 
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forest soils, the soil solutions of the A horizons were more 
acidic than similar non-forest soils. This was attributed to 
the production of carbonic acid and water soluble acidic 
compounds derived from organic matter decomposition. With 
time, these compounds leach exchangeable bases. 
Moisture accumulation by beech trees has been stud.-
. d32,33 1e . Much of the rainwater falling on the crown of the 
trees is concentrated by the foliage, branches and stem, and 
is delivered to the soil in a narrow band around the base of 
the tree. The stem-flow is normally acidic 33 and contains 
higher levels of C, Ca, K, Mg, S, Cl, P and N than the canopy 
drip, which itself has higher concentrations of these elements 
than the rain. For beech trees, the soil at the base of the 
stern receives 2.5 times the rainwater falling in the open. 
The greater water flow around the tree trunk also leads to 
its further penetration of the soil. The penetration is 
35 . 
assisted by the annual decay of roots under trees , leav1ng 
char.nels in the soil that can serve as routes for rapid water 
movement, and for more effective leaching of dissolved 
elements. 
As a consequence of the stern-flow from beech trees 
being enriched in organic and inorganic substances, there is 
an intensification of podzolization processes in the soils 
near the stems of beech trees. 33 In one study , for example, 
it was found that the soil pH (H 2o) value was lowest next to 
the stem of a beech tree, with a pH (H 2o) of 4.5 being meas-
ured in the soil adjacent to and under the stem, while a 
value of 6.0 was found 2 rn away. The change in pH was most 
marked in the A horizon. 
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20 33 It has been shown ' that the very low pH values 
close to beech trees are not due to KCl-extractable Al(H 2o)~+ 
ions, nor to acid conditions resulting from the oxidation of 
Fes 2 or S. It is also unlikely that the low pH values are 
derived from chelation, as a result of the dissolution of 
aluminosilicate minerals in chelating solutions 36 , according 
to the equationi 
H Y + Al 3+ 3 AlY + 3H+. 
RESULTS AND DISCUSSION - SOIL pH 
1. Chronosequence soils 
The pH(H 2o) values, measured on a soil-distilled water 
suspension (1:2.5) and given in Table 2.1, show an increase 
with depth for all chronosequence profiles, and are all low 
to very low (4.5 - 5.4). The Io and Ah profiles have 
similar pH(H 20) values, while at similar depths, the pH(H 2o) 
values are decreasing in the Ku and Ok profiles. The strong 
leaching of the Ku and Ok profiles, and the formation of gley 
podzols,have meant a loss of Group I and II metal cations 
from these profiles. Decay of the tree litter, at earlier 
stages of soil development, producing strong inorganic and 
organic acids probably also contributes to the lower pH(H 2o) 
values. 
The pH(H 20) values of the two Ho A horizons are very 
low for a recently formed soil. However, the more poorly 
drained recent soil of the Ha profile has a higher pH, in 
the range expected for a young soil. It is likely that the 
low pH of the Ho profile A horizons is due to the oxidation 
of s 2- or S, or that the material has been pre-weathered. 
The Ho profile is located on the floodplain of the Waitahu 
2-River and S or S could be derived from nearby coal mining 
25 
operations, or the weathering of sulphide minerals, deposited 
during flooding. 
The oxidation of sulphur can produce very acid condit-
ions as occurs for acid mine waters 27 , 28 , 37 . During periods 
of flooding, and therefore anaerobic conditions, sulphates 
are reduced to sulphides by a number of anaerobic bacteria 
such as Desulfovibro and Desulfotomaculum27 . These bacteria 
use the combined oxygen in the sulphate to oxidize organic 
material. 
The sulphide formed may either react with the ferrous iron, 
which is the major iron species present in anaerobic condit-
ions, forming FeS 
F 2+ + 8 2-e(aq) (aq) 
or be present in the soil as H2s. As floodwaters subside, 
there may be some oxidation of the sulphides, to produce 
elemental sulphur. When the floodplain is drained completely, 
the sulphides and elemental sulphur are then oxidized to 
sulphate, with an accumulation of protons, thereby lowering 
The following reactions summarize this situation; 
H2S + 4H 0 - Be + 
so 2- + lOH+ 2 4 
02 + 4H+ + 4e + 2H 2o 
H2s + 202 + 
so 2- + 2H+ 4 
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and s + 4H 0 - 6e 804 
2-
+ BH+ + 2 
02 + 4H+ + 4e + 2H 20 
2S + 302 + 2H 20 + 2804 
2- + 4H+ 
2 . Biosequence soils 
A comparison of the pH(H 20) values of the biosequence 
Ah and Pod Ah profiles, given in Table 2.2, reveals a large 
difference of up to 1.0 pH unit between the upper horizons 
of these profiles, even though they are only 7.3 m apart. 
These results are expected in the light of previous workers 
results and the discussion given above. 
3. Toposequence soils 
The pH(H 20) values of the two toposequence profiles 
are similar (Table 2.3). This is because both sampling sites 
were one metre from similar sized beech trees, which are the 
dominant factor in controlling the pH of these profiles. The 
range of pH(H 2o) values found, as well as the trends observed, 
are similar to those of the Pod Ah profile of the biosequence, 
and the same explanations are appropriate. 
TOTAL AMOUNT OF SOIL CONSTITUENTS IN A SOIL PROFILE 
Analytical data for the trace element composition of 
the horizons of the chronosequence, biosequence, toposequence 
and Waterton soils, and for the concretions (Waterton soil) 
are all given on a percentage composition basis. The data 
for the chronosequence soils are also expressed on the basis 
of the total amount of an element present in the profile 
horizons. The amount of an element present in the various 
chronosequence profiles is also presented as the total amount 
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to depths of 0.38 or 0.68 m. The former depth was chosen to 
minimize the effect of stones - only the Ho profile had stones 
within the upper 0.38 m of the profile, while 0.68 m was 
chosen because stones occurred below this level in the Ah and 
Ku profiles. 
The weights of the <2 rnrn and >2 rnrn sized soil particles, 
and bulk densities are given in Table 2.4. In this Table a 
distinction is made between the actual and an estimated total 
weight of soil down to 0.68 m, when stones are present in the 
profile (Ho, Ha and Io). If stones were present in the 
sample, an estimated total weight was obtained by calculating 
. d b h 2 . 1 20 ( h . . h the volume occuple y t e > rnm partlc es t elr welg t 
and density being known), and replacing it with an equivalent 
volume of soil particles <2 rnrn. 
Since the changes occurring in the soils will be most 
intense in the top 0.38 m of the profile, and since there 
are few complications arising from the presence of stones ln 
the top 0.38 m of each profile, the comparison of the total 
amounts of the constituents in the chronosequence profiles 
is carried out in detail only for the upper 0.38 m of the 
profile. 
The volume of soil samples to 0.38 m is the same for 
all chronosequence soils 20 . However, soil development has 
led to an initial expansion (up to the Ah profile), followed 
by compaction of the initial soil volume (up to Ok profile). 
This is illustrated in Figure 2.1. This expansion and 
contraction of soil volumes correspond to the development of 
soil structure resulting from the incorporation of organic 
matter (Ah profile), and to a destruction of soil structure 
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Figure 2.1. The Change of an initial soil 
volume with soil age. 
due to loss of organic matter, hydrous oxides of Fe and Al, 
and aluminosilicate gels 20 (allophane) (Ku and Ok pro les). 
F0r the younger soils of ·the- Ho, Ha, Io and .All pro-
files, it can be seen from Table 2.4A {data from Table 2.4} 
that the amount of inorganic matter, in a fixed volume, 
decreases with the age of the soil, from 466 x 10 4 kg ha-l in 
TABLE 2. 4A The Amounts of Inorganic and Organic 
Material to 0.38 m 
Profile Ho Ha Io Iw Ah Ku Ok 
Inorganic material 
to 0.38 m 
{kg ha-l x 104) 466 39 3 320 396 226 246 506 
Organic material 
to 0.38 m 
(kg ha-l x 10 4) 9.3 13.1 26.4 28.1 33.3 26.2 18.9 
the Ho profile to 226 x 10 4 kg ha-l in the Ah profile. This 
is due to an increase in .the presence of organic matter and 
the sesquioxides of Al and Fe, and has resulted in a loose 
granular structure for the Ah pro le. Similar results have 
been found elsewhere 38 . The lowest bulk density values and 
the lowest amount of inorganic mate al (Table 2.4) are found 
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for the Ah profile. 
In the older soil of the Ku profile, the amount of 
inorganic material has increased to 246 x 10 4 kg ha- 1 , which 
is greater than the amount in Ah profile, but less than 
in the Ho profi In the Ok profile (the oldest soil), the 
amount inorganic material has risen to 506 x 10 4 kg ha-l 
(9% higher than in the Ho profi ) . The Ok soil has lost a 
great deal of its organic matter and, as for the Ku pro le, 
has lost most of the Al and Fe sesquioxides, resulting in a 
compacted soil of higher bulk density (Table 2.4). 
The poorly drained Ha profile contains slightly less 
inorganic material than the freely drained comparable Ho 
profile, while the poorly drained Iw profile contains slightly 
more inorganic material than the freely drained Io pro le. 
These variations reflect slight dif rences in bulk densities 
(Table 2. 4) . 
SOIL ORGANIC MATTER 
Soil organic matter embraces the non-mineral fraction 
of the soil. The total organic matter content of a soil is 
estimated from either a knowledge of the total organic carbon 
content or from the weight loss when the organic matter is 
destroyed by ignition at a temperature between 350 - 800°C. 
1. Total c carbon 
Total organic carbon can be determined by either wet 
or dry combustion, or by partial oxidation with chromic acid. 
(i) Wet and dry combustion. Dry combustion of organic 
matter is carried out in a stream of oxygen at 1200°C, and 
30 
. 29 '39 the co2 evolved ~s collected and measured . Inorganic 
carbonates are either determined separately or destroyed with 
acids before combustion. 
In a wet combustion of organic matter, the soil is 
treated with an oxidizing agent such as dichromate, and a 
strong acid, to convert all forms of carbon into co 2 • 
Jackson 39 used a mixture of sulphuric, phosphoric and chromic 
acids for combustion, and then determined the co 2 content 
volumetrically after absorbing it in standard alkali. 
The total organic carbon determined by combustion can 
be expressed as total organic matter by use of a multiplicat-
ive factor (1/total organic carbon). Conventionally, it is 
assumed that organic matter contains 58% carbon 28 , and so the 
factor is 1.72 (=1/0.58). However, different soils can 
contain different organic materials, and therefore the factor 
will vary. 
(ii) Oxidative organic carbon. The method of deter-
mining oxidizab organic carbon involves the partial oxidat-
ion of organic matter with chromic acid 40 . Carbonates do not 
interfere. 
To express oxidizable carbon as total organic carbon, 
a conversion of 1.3 is commonly used 41 . This figure was 
obtained by calculating the amount of oxidizable carbon in 
soils determined by partial oxidation with chromic acid, 
compared with the total organic carbon determined by the dry 
combustion method. It was found that the oxidizable carbon 
was 77% of the total organic carbon, and that multiplication 
of oxidizable carbon values by 1.3 77% of 1.72) gives the 
total amount of organic carbon. 
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2. Total organic matter by weight loss 
In this method the soil organic matter is determined 
by weight loss of the soil sample on ignition at temper-
atures between 350-800°C. In the present study, weights of 
organic matter (Tab 2.1 to 2.3) have been calculated on 
the s umption that s on ignition equals organic matter. 
20 -Campbell , however, sented diffe al thermograms 
showing that at temperatures between l05°C and 500°C, some of 
the weight loss was caused by loss water from clay 
mine To reduce such errors the use of lower i tion 
0 42 temperatures in the range 350-420 C has been advocated . 
Poorly ordered hydroxy-alumina and gibbsite, which about 
35% their weight around 300°C, would s 11 be affected by 
these temperatures, but errors introduced from this source 
will not exceed 4% of the weight loss on ignition for the 
20,25 
soi of the present study 
3. Choice of method for c matter an 
20 Campbell obtained a high significant itive 
correlation (0.1% 1) between organic matter termined by 
weight loss on ignition and organic matter determined by 
oxidizable carbon. He found that a relationship sted 
between the values oxidizab carbon and the values for 
the weight loss on ignition which gave the oxidiz le carbon 
content as being equal to 39% of the weight loss on ignition. 
Nak g use of the conversion factor of 1. 3 for estimating 
organic carbon from oxidizable carbon gives the organic 
content as equal to 51% of the loss on ignition values. 
Campbe 11' s wo illustrates that comparab results 
from soil organic matter can be obtained by either the method 
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of combustion or the method of weight loss on ignition, and 
that it is therefore reasonable to assume weight loss on 
ignition values correspond to organic matter values. 
RESULTS AND DISCUSSION - SOIL ORGANIC MATTER 
1. Soil organic matter on a percentage weight basis 
Soil organic matter 1 as obtained by measuring the 
weight loss on ignition, shows a decrease with depth in all 
of the chronosequence and biosequence soils (Tables 2.1 and 
2. 2) . 
ln 
In the soils surrounding trees, there are variations 
the amount and the distribution of tree litter 33 , 43 . In 
the biosequence soils, the surface litter horizon of the 
Pod Ah profile has greater levels of organic matter than does 
the Ah profile. 
Weight loss on ignition values in the toposequence 
soils decrease down the profiles to the illuvial horizons 
where the values rise again, demonstrating the accumulation 
of organic matter in these horizons (Table 2.3). The Crest 
profile has a more strongly developed soil structure than the 
LFS soil, due to better incorporation of organic matter 25 . 
The development of the soil structure of the LFS soils has 
been hindered by the wet condition of the soil. 
2. The total amount of organic matter in a soil profile 
The weights of organic matter in each of the chrono-
sequence profiles, to depths 0.38 and 0.68 m, are listed in 
Table 2. 4. The amount of organic material, to 0.68 m, in each 
profile increases with soil age from the Ho profile to a 
maximum in the Ah profile. This is followed by a decrease, 
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-1 -1 
at an approximate rate of 2 kg ha year , to the minimum 
value in the oldest chronosequence soil of the Ok profile. 
The proportion of organic matter that is present in the top 
0.38 m of each profile decreases with time from 86% in the Ho 
and Ha soils, to 63% in the Ku profile. 
The two poorly drained Ha and Iw profiles both 
contain more organic matter than the similar aged, but freely 
drained soils of the Ho and Io profiles, demonstrating that 
organic matter accumulation can occur under restricted drain-
age and reduced biological activity. This is also seen in 
Figure 2.2. 
3. Variation in the amount of organic matter with depth 
In Figure 2.2 the amount of organic matter, per 
centimetre of horizon, in each chronosequence soil is plotted 
against the depth of the profile. The distribution of organ-
ic matter is controlled by two factors - the percentage weight 
of organic matter in the soil and the bulk density. The 
Hokitika, Hari Hari, and Ikamatua soils show a decrease in 
organic matter levels with depth. The Ah profile has a 
decrease with depth but has an increase in the Bs3 horizon. 
Similar trends occur for the Ku and Ok soils with the 
increases in the Br3 and C horizons respectively. The higher 
organic matter level of the Ah Bs3 horizon results from the 
increased density of the horizon, while that of the Ku Br3 
is due to increases in both organic matter content and the 
bulk density of the horizon. The increase in the Ok C 
horizon is due to a higher organic matter content. 
It is evident from Figure 2.2 that the organic matter 
content per centimetre depth of horizon per hectare is 
considerably higher in the upper horizons of the poorly 
drained Ha and Iw profiles compared with their freely 
drained counterparts, Ho and Io. 
FRACTIONATION OF SOILS 
The fractiqnation of a soil into the three particle 
size groups of sand 1 silt and clay is necessary before a 
study of the silt and clay fractions is undertaken. 
l. Percentage of clay in soil horizons 
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The data on the particle size analysis on the chrono-
sequence, biosequence and toposequence soils is given in 
Tables 2.1 to 2.3. The data were calculated on an inorganic 
basis, using weight loss on ignition data. 
There is a decrease in the percentage of cl with 
depth in the biosequence and chronosequence soils, except 
for the Ku profile where the maximum percentage of clay occurs 
in the Br3 horizon 1 and the Ok profi , where the clay content 
increases with depth to reach a maximum in the Br3 horizon. 
In the upper horizons of the Ku and Ok, the lower clay 
percentages are probably due to the destruction of clay below 
pH 4.5. 
The toposequence soils have an increase in the percent-
age of clay with depth to the Bhs horizons. This is most 
likely due to an eluvi on of clay with percolating waters 
from the upper ho zons to the Bhs horizons. 
the amount of 
The amounts of clay in the horizons of the chrono-
sequence soils are given in Tab 2.4 (these data were cal-
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culated using the data from Tables 2.1 and 2.4). On a per-
centage basis (Table 2.1), the clay composition in the Ah 
profile shows a maximum in the A horizons, as is also the 
case in the Ho, Ha, Iw and Io profiles. However, it can be 
seen from the data in Table 2.5 and in Figure 2.3, that the 
clay content, in kg ha-l cm-l horizon x 10 3 , of the Ah profile 
is now at a maximum in the Bs3 horizon, and similarly for the 
older gley podzols of the Ku and Ok profiles. The reason for 
the apparently different clay distribution when the total 
amounts per horizon are considered, is that bulk densities 
become a major contributor to the distribution of clay, as 
well as the percentage of clay per horizon. 
3. Total amount of clay in soil profiles 
The amount of each size fraction for each horizon of 
-1 4 the chronosequence soils is given in kg ha x 10 in Table 
2. 5. The amount of clay, to a depth of 0.68 m, increases 
with soil from 41.3 kg ha -1 10 4 in the Ho profile to age X 
126.8 kg ha -1 10 4 in the Ah profile. The amount of clay X 
-
decreases in the Ku and Ok profiles compared with the Ah 
profile, despite the higher bulk densities in the Ku and Oh 
profiles. 
Since an increasing clay content is usually associated 
with increasing soil development, the decline in clay content 
after the Ah profile needs explaining. Because the surface 
horizons of the Ah, Ku and Ok profiles have lower amounts of 
clay than the underlying horizons this should be considered 
also. 
An explanation for the freely drained Ah profile could 
be the eluviation of clay, leading to an increased clay 
36 
content with depth. In the poorly drained gley podzols 
however, a more likely explanation of the reduced clay 
content is the destruction of clay. This could be caused by 
the action of organic chelates and low pH conditions over a 
long period of time, during which the rate of clay destruct-
ion has exceeded the rate of clay formation from comminution. 
4. Total amount of sand and silt in soil profiles 
The silt content increases with the age of the soil 
while the sand content decreases (Table 2.5). The sand 
content of the Ok profile is higher than that of the Ku 
profile due to the presence of disintegrating weathered 
stones. The increase in the silt and clay fractions with 
soil age results from more extensive weathering of the larger 
particles, thereby producing a smaller weight of sand. 
5. Some of the factors involved in particle size analysis 
The process of separating a soil into its component 
particles, and then estimating the proportion of particles ln 
the various size ranges, is called particle size analysis. 
Two conditions must be achieved for soil dispersion: a) a 
breakdown of soil aggregates, and b) peptization of the soil 
particles. 
The breaking up of soil aggregates is carried out in 
water, and involves separating particles that have a relative-
ly strong attraction for each other when separated by a few 
hundred picometers, and then keeping them separated. The 
break-up of soil aggregates is achieved using sufficient 
mechanical force, such as generated from passing ultrasonic 
vibrations through water, to pull the aggregates apart. 
Dispersion can also be achieved chemically, by altering the 
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surface properties of the individual particles so that they 
repel each other - as can be done by replacing the exchange-
able Ca, Mg and Al ions with sodium. In some soils, it is 
necessary only to shake a soil with a suitable sodium satur-
ated exchange resin, but for many soils, the negative charge 
on the soil surfaces must be increased, by shaking the soil 
in a solution containing, for examp , sodium hexametaphos-
2 phate . 
Barko 44 reported that the dispersion achieved by a 
15 or 60 minute period of ultrasonic vibration of soils 
suspended in sodium hexametaphosphate-sodium carbonate 
solution was more complete than that obtained by shaking these 
45 
suspensions for five hours. Edwards and Bremner confirmed 
this, but found that it is not necessary to use a dispersing 
reagent to ef ctively separate soil particles using ultra-
sonic vibration. Studies using soils of widely di rent 
textures and organic matter contents 45 showed that dispersion, 
caused by ultrasonic vibration and evaluated for <2 wm mater-
ial by pipette analysis, was similar to that obtained by 
chemical methods (such as a 30% .H 2o2 treatment of soil to 
decompose organic material and use of sodium hexametaphosphate 
as a dispersant 1 followed by shaking}. 
Edwards and Bremner 45 compared four methods of 
dispersion: a) ultrasonic vib on of a water containing 
soil, b} a peroxide treatment of a soil, followed by use of 
sodium xametaphosphate as a dispersing agent 1 with shaking 
for 10 hours, c) use of a sodium-saturated Amberlite IRC-50 
resin in water, with shaking for 10 hours, and d) shaking 
with sodium hypobromite. They found the four methods 
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generally gave similar results, but on average, the vibration 
method gave the lowest percentage sand, and the resin method 
the highest percentage clay. Use of a longer vibration time 
in the ultrasonic method, and use of less water in the resin 
method, gave percentage clay values higher than the other 
methods. However, there is no absolute index of complete 
dispersion. 
The ideal method of fractionating different size soil 
particles one which will not result in comminution of the 
particles in achieving complete dispersion. Edwards and 
45 Bremner presented evidence that even primary minerals such 
as dolomite, quartz and microcline, which are not considered 
fragile minerals, suffer some abrasion when shaken with water 
for ten hours. Ultrasonic vibration of these minera for 
30-60 minutes is less abrasive than shaking with water for 
ten hours, and is significantly less damaging to fine particle 
size samples than is a treatment with 6% H2o2 followed by 
shaking with sodium hexametaphosphate for ten hours. However, 
the fragile mineral, biotite, is abraded more by ultrasonic 
vibration than by shaking with water. The wide range of 
behaviour of materials encountered in soils, and the difficulty 
in choosing a single treatmen~ to achieve complete dispersion, 
also illustrated by the data of Pritchard46 . are 
Edwards and Bremner47 reported that particles which 
are difficult to disperse are likely to have formed micro-
aggregates (<250 ~in diameter), and cons t largely of clay 
and humified organic material, linked by polyvalent metal 
ions. In such cases, the bonding within the microaggregates 
can be weakened by chemical treatment, such as H2o2 peroxid-
ation to destroy organic material. 
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In general, the method of dispersion used should be 
determined by the nature of the soil and where possib , a 
check should be made on the e ctiveness of the dispersion 
by microscopic or sedigraph testing. 
Once dispersed, it is necessary to maintain a stable 
dispersion in solution. This depends on complete hydration 
of the clay particles together with the establishment of a 
high negative potential by the addition of a suitable peptiz-
. 
48 h d' h h h d' 1ng agent , sue as so 1um exametap osp ate or so 1um car-
bonate. Organic matter can make soils difficult to disperse 
initially, but once the particles are in suspension, it can 
. . . f . . 49 1ncrease the stab1l1ty o the so1l suspens1ons 
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CHAPTER 3 
TRACE ELEMENTS IN SOILS 
This chapter, a review of trace elements in soils, 
is a preface to chapters 4 and 6, in which the results and 
discussion of the present work are given. In the review, 
emphasis will be given to the location, the form and behaviour 
of trace elements in the soil. 
THE TOTAL TRACE ELEMENT CONTENT OF SOILS 
The total trace element content of a soil relates to 
the relative abundance of the elements, but does not provide 
infor~ation on the chemical form of the elements in the soil. 
Because of the variety of parent materials, the concentrations 
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of trace elements can vary 10 to 1000 fold , while the 
concentrations of the major elements such as K, Ca, Mg or P 
normally have less than a 5 fold variation. The wider range 
of concentrations of trace elements means that their levels 
can be more significant indicators of soil status than is the 
case for the major elements. 
The trace elements considered in this thesis are the 
first row transition metals, many of which are essential 
micronutrients for plants and animals. An average level of 
the trace elements in the earth's crust, and a typical range 
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of values found in soils, are listed in Table 3.1 
In a study of trace elements in soils, the chemical 
form, as well as the amount present, is important, particul-
arly as an element can exist in more than one chemical form. 
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TABLE 3 .l Levels of Trace Elements in the Earth's 
Crust and Soils 
Element Earth's Crust a Soilb 
(~g g-1) (~g -1 g ) 
Ti 4,400 1,000 - 20,000 
a 
b 
v 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
110 
200 
1,000 
50,000 
25 
80 
45 
65 
Average value for earth's crust 
Typical range of levels in soils 
50 - 500 
8 - 500 
100 - 2,000 
10,000 - 50,000 
2 - 80 
8 - 300 
3 - 100 
10 - 300 
A significant proportion of the trace elements in a soil is 
contained within the crystal lattice of non-weathered 
minerals. This portion is immobile until released by weather-
ing processes (Table 3.2). 
WEATHERING 
The principal source of trace elements in soils is the 
primary minerals in the parent material. Many of these 
minerals were originally formed, and are stable under condit-
ions different from those in present day soil environments. 
For example, minerals that crystallized from the magma at 
high temperatures do not necessarily remain stable at the 
ambient conditions in a soil. As a result, many primary 
minerals slowly change through the process of chemical 
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TABLE 3. 2 Some of 
the Behaviour of Trace Elements in soils 
Soil Characteristic Trace Element Location/Behaviour 
Age Young soils contain trace elements mainly 
in primary minerals. As soils age, they 
contain greater amounts of secondary 
minerals, such as clay minerals, and iron 
oxide, which often contain significant 
amount of trace elements. 
Iron and manganese 
oxides and hydrox-
ides 
Organic matter 
Waterlogged soils 
Podzolization 
Topography 
Often occur as concretions or pans; can 
concentrate trace elements, especially 
Co and Zn. 
Organic ligand complexes formed especially 
For Al(III), Fe(III} and Cu(II) ions. 
Reduction reactions occur in soil; 
mobilization of Fe and lm as divalent 
cations can occur, although sulphide 
formation can immobilise trace elements. 
Results in an intensely weathered A 
horizon, with accumulation of organic 
matter, clay, iron and aluminium hydrox-
ides, and other trace elements, in the 
B horizon. 
Topography can affect water flow on a 
slope; results in transport of some trace 
elements, especially Mn, downslope; some-
times Fe-Mn concretions form in foot 
slope 
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weathering. The new materials formed - the secondary miner-
als - such as the clay minerals and sesquioxides, are more 
stable within the soil environment. Throughout the weather-
ing process, material is also leached from the soil profile. 
Some trace elements, released in weathering, are nutrient 
elements which support plant and microbial populations. 
These materials, on decay, add organic acids and debris, which 
participate in further weathering. 
The prominent pedological processes involved in soil 
genesis are summarized as follows: 1) surface enrichment of 
trace elements utilized by plants, 2) leaching of mobilized 
elements, such as Fe and Mn, down a profile, 3) movement of 
trace elements organic ligand complexes, 4) trace element 
mobilization, as a result of a breakdown of soil minerals, 
caused by gleying, 5) movement of clay particles enriched ln 
many trace elements, and 6) microbial activity causing 
mobilization or immobilization of trace elements. 
THE BINDING OF TRACE ELEMENTS BY A SOIL 
Trace elements released from primary minerals by 
weathering processes can be considered as being mobilized, 
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and they are classified into several forms . 1) A small 
proportion are in the soil solution, either in an ionic or a 
coordinated form. This is the form most readily available to 
plants, and it is water extractable in the laboratory. 
2) A greater portion of the mobilized trace elements, in 
particular those in cation form, are adsorbed with varying 
tenacity onto ion-exchange surfaces of clay minerals or 
organic material. Some part of the sorbed elements are 
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available to plants and, ~n soil analysis, these can be 
extracted with ammonium acetate or dilute acetic acid. The 
alk metals, Mn, Fe, Co, Ni, Cu and Zn, occur in this form, 
as well as the oxyanions o£ B and Mo. 3} Some elements, 
notably Cu, and to a ser extent Zn, are involved in metal 
che In the laboratory, these elements can be extracted 
with strong comple.xing agents, such as ethylene-diaminetetra-
acetic acid. 4) Some of the mobi zed trace elements become 
incorporated in the des and hydroxides of Al, Fe and Mn. 
For example, the fixation of Co in Mn minerals has been 
reported53 . 5) Trace elements can become immobilized again 
by being incorporated into stable secondary minerals. 
THE LOCATION OF TRACE ELEMENTS IN SOILS 
1. Distribution of trace elements with res ct to soil 
cle size 
(i) Introdua on. The particle size fractions normally 
cons red are sand (2-0.02 mrn) 1 silt (0.020-0.002 rnrn) 1 and 
clay (<2 ~m). The distribution of trace elements, as a 
on of parti 
, including 
size, is dependent on a number of 
m~neralogy of the soil, the.parent 
mate al, the time and intensity weathering, the ionic 
radius, and preferred coordination number of thee rnents. 
The concentrations of the elements Ti , V, Cr, Ivln, Fe, Co, Cu, Ni, 
and Zn, generally increase, with a 
sand to clay. 
1 in partie size from 
Some of these trace elements are discussed below 
to illustrate the ef ct of particle size on their distrib-
ution, and also to show some of causes for distrib-
uti 
ii) Iron~ titanium and vanadium. 54 Berrow et al. , , 
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in a study of the A and B horizons of some Scottish podzols, 
found an increase in the contents of Ti and V with decreasing 
particle size. In the case of Fe, no increase in concentrat-
ion occurred with a decrease in particle size in the A 
horizons, but there was a four-fold enrichment in the clay, 
compared with the ·sand, in the B2 horizons. This suggests 
that Fe had been translocated from the A horizon, and had 
accumulated in the clay fraction of the B2 horizon. On the 
basis of evidence obtained with a scanning electron micro-
scope, Berrow et al. suggested that the accumulation of Ti 
in the clay fraction was achieved by physical disintegration 
of the anatase and ilmenite present, with subsequent 
dissolution and then reprecipitation as clay sized anatase. 
Unlike Ti and Fe, vanadium is not usually present in 
soils in a distinct mineral form, but usually occurs either 
substituting for Fe in iron oxides and ferromagnesian minerals 
(for example, in pyroxenes and biotites), or it is adsorbed 
on to clay particles 55 . In the Scottish soils studied by 
Berrow et al., the mobilized Vis probably not adsorbed by 
the secondary oxides of Fe, because Fe released by weathering 
in the A2 horizons of these podzols would be leached to a 
lower horizon, and adsorbed onto clay particles, rather than 
precipitated as secondary oxides. A greater proportion of V 
can be extracted from the clay fraction with acetic acid, than 
for Ti, which is consistent with the adsorption of V onto clay 
minerals as an exchangeable cation. 
In terms of the redox potential and the acidity of the 
Scottish podzols, where the pH is often <4.5, the vanadyl 
2+ 54 
cation VO is probably the stable form of V Humic acids 
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in the soil could also play a role in the reduction of meta-
d - th d 1 . 2+ vana ate, VOJ 1 to e Vana y lOTI 1 VO Results of an 
electron paramagnetic resonance study of E.D.T.A. soil extracts 
suggest that V released in weathering is present in the 
vanadyl form, sorbed to the exchange sites of the clay56 • 
(iii) Manganese. In three catenas in Israel, on 
basalt, dolomite ~nd limestone 57 , the Mn concentration was 
found to decrease with particle size; this was most pronounced 
in the toeslopes. In contrast, other catenas on granite rocks 
and derived soils, had a high Mn concentration in the clay 
f t . d w1'th the sand 54 ' 55 . T · t' t th' rae 1on, compare o 1nves 1ga e lS 
difference in behaviour, Yaalon et a1. 57 studied the mafic 
minerals present in the parent basalt rocks - augite and 
olivine - which are host minerals for Mn 58 • They found a 
high Mn content in the basalt and non-clay fractions of the 
soil. Precipitation of mobilized Hn in concretions further 
d h . f . th 1 f . 59 ecreases t e concentrat1on o Mn 1n e c ay ract1ons 
The granite rocks of the other catenas weather more readily, 
producing a well drained, quartz-rich soil, poor in Hn, but 
the mobilized Mn can become immobilized in the clay and 
organic matter fractions. 
In yet another study, Mn concentrations were found to 
d . h d . . 1 . 60 ecrease w1t ecreas1ng part1c e s1ze This was attrib-
uted to the formation of hydrated Mn oxide precipitates on 
coarser particles. Manganese will not precipitate on the 
moist acid surfaces of the finer particles because of its 
sensitivity to decreases in reduction potential and soil 
acidity. 
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{iv) Mineralogy. In a study of a Canadian soil by 
Dudas and Pawluk 61 , aspects of soil mineralogy were used to 
expl trace element enrichment in clays. It was suggested 
that various elements show di rent preferences 
subs tution sites in crystalline si cates. The distribution 
of mica (especially biotite) in the three particle size 
fractions, was found to be highly correlated with the 
distribution of Zn, which is able to substitute for Fe in the 
bio te lattice, both these ions having similar ionic radii 
{Zn(II), 74 pm, and Fe(III), 64 pm). The distribution of Fe 
is o determined by biotite because no other ferromagnesian 
minerals were detected. The distribution of Cu was found to 
be related to the distribution of both ldspar and mica in 
the three size fractions. Copper (72 pm) can substitute for 
Fe in rromagnesian minerals, and + in plagio ld-
spars. Finally, Co(II) (74 pm) cans tute for Fe(III) and 
2+ Mg , and is there concentrated the early phase ferro-
magnesian minerals, such as biotite and hornblende. 
(v) Ionic radius. The ionic radius of trace elements 
is of significance in laining their chment in clay 
fractions. Andenson found a linear correlation between octa-
hedrally coordinated trace metals and the clay content, and 
as ionic radius decreased, the correlation became more 
signi 62 cant Andersson found that Cr(III), Mn(II), Co(II) 
Ni(II), Cu(II) and Zn(II) ions are ab to occupy the same 
octahedral positions as Al, Fe and Mg. As soil development 
occurs, these ions become trapped and din these positions, 
with smaller ions being fixed more ef ctively. Larger 
ions, such as Pb(II) and Cd(II), are s likely to occur 
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octahedral coordination. 
2. Trace element adsorption by clay minerals 
The clay minerals, which are the major inorganic ion-
exchange materials in soils, include montmorillonite, illite, 
kaolinite, and to a lesser extent vermiculite. Their cation 
exchange capacity-varies from 1 meq g-l for montmorillonite 
1 h 1 -1 f . 58 to ess tan 0. meq g or some kaol1ns . The cation 
exchange capacity is due, in part, to excess negative charge, 
resulting from substitution around the tetrahedrally coordin-
ated silicon and octahedrally coordinated aluminium in the 
layer lattices of the clay minerals, and partly from negative 
charges on the terminal oxygen atoms at the edges of the 
lattice. The strength of binding of different ions at these 
sites varies. 
The main interaction of trace elements with soils and 
clay minerals is one of surface adsorption. An order of 
difficulty of displacement of trace elements from clay is: 
Cu 2+ > Pb 2+ > N1' 2+ >Co 2+ > zn 2+ 
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. However, the order will 
depend on the concentration of the ions in solution, and the 
presence of organic acids, such as fulvic acid, which may act 
as complexing agents. 
Norrish 51 reported high concentrations of Fe, Ni and 
Zn in clay. During weathering, Fe released from minerals may 
be removed from the soil, but much of it can be held in clay 
minerals, by adsorption or substituting for Al. Micas often 
contain several percent Fe, and many black soils formed from 
basalt contain the majority of the Fe in the clay mineral 
montmorillonite. High Zn concentrations in clays is due to 
the Zn entering the silicate layer lattice structure; for 
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examp , the montmorillonite mineral sauconite contains up to 
30% ZnO Sl 
3. Trace elements in Mn and Fe oxides 
(i) Introduc on. The oxides and hydroxides of Mn and 
Fe, which are ubiquitous in soils, are formed by the chemical 
weathering of igneous rocks, and by the metamorphic ter-
ation of primary oxides. The Mn and Fe species control the 
concentrations of many elements in s 1 solutions, especially 
the 
uti on 
rst row transition metals, by coprecipitation, substit-
and surface adsorption 63 - 65 . 
63 Jenne proposed that the hydrous oxides of Mn and Fe 
act as a sink for trace elements in soi (see Tab 3. 2) • 
These oxides occur as coatings on soil particles, and as fine 
discrete particles, in clusters and aggregates of colloidal 
size. Because of the large surface area of the Mn and Fe 
spe s, they exert a chemical in ce, on other e ts 
and compounds, far out of proportion to their concentration. 
The sur areas of ferromanganese concretions and mine 
2 -1 65 
such as birnessite can up to 350 m g 
Iron oxides occur in soils as hematite (Fe 2o 3) 1 
goethite (FeOOH) 1 lepidocrocite (a FeOOH) 1 maghemite 
(y Fe 3o 4), magnetite (Fe 3o 4), and hydrated amorphous c 
hydroxide (Fe(OH} 3 ·nH 20} 
64 Manganese oxides occur ln a 
wider variety of minerals, the main ones being birnessite 
((CaiMg,Na2 ,k 2}xMn(IV)Mn(II) (O,OH) 2}, lithiophorite 
(Li 8 (Mn(II} ,Co,Ni) 2Mn(IV) 10o 35 ·14H2o), todorokite 
((Mn(II),Mg,Ca}Mn(IV) 6o 13 ·3-4H20), hollan te 
(Ba(Mn(IV) ,Fe(III))o16 ) 1 pyrolusite (Mn0 2 ) 1 and amorphous 
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oxyhydroxides 6 6 . 
(ii) Trace elements in the hydrous oxides of Mn and Fe. 
The proportion of trace elements associated with the hydrous 
oxides of Mn and Fe has been considered by many 
workers 8 ' 67- 71 . In a study of surface and illuvial 
horizons of podzolic soils, Le Riche 8 ' 67 dissolved amor-
phous Fe oxides and associated trace elements, with an ammon-
ium oxalate solution. While the extract contained about 5% 
of the soil by weight, it contained 20-80% of the total V, Cr, 
Mn, Fe, Co, Ni and Cu in the soil. In a study on Zn in soils, 
White 68 examined several soil samples from Tennessee. He 
concluded that 30-60% of the total Zn in these soils was 
associated with Fe oxides, that 20-45% of the Zn is held in 
the lattice positions of clay minerals, and that 1-7% is in 
base-exchange positions on the clay minerals. 
f . 69 Ng and Bloom leld studied trace elements dissolved 
by the action of anaerobically fermenting plant material. 
Although the resulting solutions were stable to atmospheric 
oxidation, the presence of ferrous ions and aeration caused 
coprecipi tation of trace elements with ferric oxide. Molyb-
denum and V were almost completely coprecipitated, as were 
substantial amounts of Cu and Zn, but only 5% of the Mn, Co 
and Ni were coprecipitated. Ng and Bloomfield also considered 
the extent to which sorption on ferric oxide was involved in 
the coprecipitation process. They found that sorption was 
more pronounced at higher pH, and that the amount sorbed was 
greater for Cu and Zn, than for Co and Ni. 
There is evidence that Mn oxides are better trace 
element scavengers than Fe oxides. For instance, McLaren and 
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Crawford 72 found that the strength of sorption of Cu onto 
various soil components was intle order: Mn oxides >organic 
matter > Fe oxides > clay minerals. 
Cobalt is an element which several authors have claimed 
is concentrated by Fe oxides in soils 70 ' 71 ' 73 but it is now 
generally ac that Co soils is mostly concentrated by 
the less abundant -Mn s 51,53/66,74 Nickel, Cu and Zn 
are 0 concentrated in 1'-ln oxi as 1 51,53,63,66 we 1 . The 
association of Co with Mn minerals has been extensively stud-
d because of its importance in agriculture. Adams et al. 75 
examined the effect of adsorption of Co on !lln oxide surfaces, 
on the availabi ty of Co. They found that the uptake, by 
clover, of Co applied to pastures, was inversely related to 
the tot Mn content of the soil. They concluded that soi 
with Mn contents -1 100-1000 ~g g , required higher than 
normal dressings of Co s for relief from Co de ciency, 
and that -1 r soils containing more than 1000 ~g Mn g , the 
use of Co salts as a fertilizer was not a practical solution 
Co deficiency. 
Another example of the importance of Mn and Fe oxides 
as scavengers for trace elements, has been demonstrated from 
a study of the site used the dispos 
65 liquid waste in Oak Ridge, Tennessee River sediments, 
extracted with a 60 thionite solution, contained Co, from 
which it was concluded that 60 co was mainly associated with 
Mn oxides, and to a lesser extent, with Fe oxides. Deliberate 
addition of Mn oxides to dispos pits may be a method to 
concentrate some radioactive metals, such as 60 co and 
actinides. 
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(iii) Ferromanganese concretions. 
(a) Introduction. Ferromanganese concretions 
have been studied extensi vely51 ' 53' 59 ' 63 ' 66 ' 71' 74 because soil 
and marine concretions are known to concentrate trace 
elements such as Mn, Fe, Co, Ni, Cu and Zn. Marine concret-
ions in particular, are regarded as a potential economic 
source of Co and Ni. Marine concretions generally contain 
more Mn than s 1 concretions, and have lower Al and Si 
59 
contents . Since basically the same minerals are involved 
in marine and soil concretions, mechanisms suggested for the 
sorption and fixation of trace elements in marine concretions 
are considered applicable to soil concretions. However, one 
distinct difference between the two types of concretions, 
which may well affect their chemistry, is that in the soil 
there is often an alternation between wet and dry environments 
while marine concretions are always in contact with water. 
Some trace elements often associate with either Mn or 
Fe. In an examination of interelemental relationships in 
ferromanganese concretions, Childs 76 found a significant 
positive correlation between Fe and Ti, P, Mo, V, S,and Cu, 
and between Mn and Co, Ni and Zn. Iron did not correlate 
with Mn. In general, these di rences can be attributed to 
the dissimilar surface charges of Mn and Fe oxides 77 at the 
pH values ( 4. 0 - 9. 0) in soils. Hydrous Fe oxi are 
positively charged or near neutral, and will attract oxyanions, 
). 
while hydrous Mn oxides are negatively chargev; and will there-
fore attract cationic species. Means et a1. 65 considered the 
surface charge of Mn oxides in tail. They found the surface 
qharge of freshly precipitated birnessite is unusually high, 
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exceeding 100 ~C ern at pH 8. The zero point of charge (or 
the pH at zero net surface charge) for fresh birnessite and 
amorphous Mn(IV) oxides is about pH 2. Therefore, the !m 
oxides have a negative charge and a high cation exchange 
capacity over the pH range of most soils. 
(b) Factors controlling the hydrous Mn and Fe 
oxides, and trace-elements in soils and concretions. The 
concentrations of trace elements in the soil water are con-
trolled by the factors which influence sorption and 
orption of the trace elements by the hydrous oxides of ~m 
and Fe. The principal factors cting the lability of 
trace elements in soils are redox potential (Eh) , soil 
dity (pH), the concentrations of metals, and the con-
centrations of other ions capable of forming inorganic com-
plexes and organic chelates. The most significant of 
factors are 63 ly to be Eh and pH A serious limitation 
in any study of this sort, is the lack of reliable data on 
the Eh of the pore water of sediments and soils, and how this 
is cted by liming, fe zation irrigation. 
On the other hand, it is well documented that 1n the 
soil re are microorganisms which oxidize Mn and Fe s ts 
to insoluble 78 s and it has been suggested that the 
formation and deposition of Mn and Fe oxides in nature is due 
generally to biological activi 79 Ehrlich isolated bact-
e a from Mn concretions col cted from the Atlantic Ocean, 
and sugges that these microorganisms played a role in the 
. h . 80 b f h 1 forrnat1on of t e concret1ons . However, ecause o t e ong 
times involved and the condi ons of low temperature and high 
pressure, re vely little is known out the mechanisms of 
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concretion formation in the sea, and the role that micro-
organisms play in the process, or the possible utilization of 
the energy obtained from the oxidation of Mn(II) by the micro-
. 78 
organ~sms It is only recently that bacteria of a similar 
nature have been isolated from soil concretions, although the 
question of their role remains unanswered78 , 79 . 
It is likely that both chemical factors (such as Eh, 
pH) and biological factors (microorganisms) are involved in 
influencing trace elements in soils and in concretion format-
ion. In an indirect way, microorganisms may oxidize or reduce 
Mn and Fe compounds without enzymatic interaction. For 
example 1 they may cause the oxidation and precipitation of 
Mn or Fe by generating an oxidizing environment through 
oxygen production or carbon dioxide useage. In addition, 
microorganisms may produce a reducing environment by forming 
metabolic end products which can act as reductants of Mn or 
Fe oxides. 
In this thes , emphasis will be given to the chemical 
aspects of concretion formation. 
(iv) Fixation of Co in ferromanganese concretions. 
A number of mechanisms have been proposed to explain the 
accumulation of certain trace elements in terrestrial and 
marine ferromanganese concretions. It has been mentioned 
earlier in this chapter how the Mn and Fe phases of rro-
manganese concretions can carry a positive or negative charge 
which is dependent on the pH of the medium, and that anions 
or cations can be attracted to such surface 9,65,81 
McKenzie 82 carried out sorption studies of Co(II), Ni(II), 
Cu(II) and Zn(II) on to the surfaces of terrestrial Mn 
concretions. He found that although more Co was sorbed than 
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Ni, even greater amounts of Cu were sorbed. Thus, sorption 
alone does not account for the marked accumulation of Co in 
the I1n oxides of soils. In an experiment to assess the 
effect of aging on the non-extractable (in 2.5% acetic acid) 
fraction of sorbed Co, Ni, Cu or Mn oxides, McKenzie found 
that the amount of non-extractable Co increased sharply with 
time until, after 6 months, 86% of the Co originally sorbed 
was non-extractable. Non-extractable Ni and Cu, in contrast, 
showed only a slight increase with time. 
In sorption studies on synthetic Mn oxides minerals 
it was found that the amount of metal ion sorbed was balanced 
+ + by the total amount of ~m(II), K and H released into the 
. 53 
solutlon . + + Cobalt replaced less K and H , but more Mn(II) 
ions, than did Cu or Ni, and the uptake of Co with time was 
greater than that of Ni or Cu. 
It would appear from the above experimental data that 
there is a specific interaction taking place between Co and 
the Mn minerals, and that the mechanism is not simply adsorp-
tion of Co onto the surface. A number of mechanisms have 
been proposed, and these are listed in Table 3.3, along with 
some of the relevant factors for each mechanism. . 53 McKenzle 
proposed a mechanism for the preferential fixation of Co in 
Mn oxides, whereby the Co(II) ions are rapidly adsorbed onto 
the surface of the minerals, while exchangeable Mn(II), K+ 
d + . an H lOllS are displaced. Sorbed Co(II) ions are then said 
to diffuse into the surface layers of the crystal lattice, 
where, it is claimed, they are oxidized by Mn(III) ions, 
which are then replaced by the Co(III) ions. 
The electrode potential for the oxidation of Co(II) by 
Nn(III) is negativei 
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Co 3+ + -+ Co 2+ Eo +1. 84 v e = 
Mn3+ + e -+ Mn2+ Eo = +1. 51 v 
Co 2+ + Mn3+ -+ Co 3+ + Mn2+ Eo -0.33 v = 
Consequently, the free energy change 6G(= -nFE) of the 
reaction is positive (+32 kJ mol-l), and so the reaction is 
not favoured thermodynamically. (While these calculations 
refer to aqueous conditions, they are a guide to the energy 
changes involved.) The reaction however has a gain in crystal 
field stabilization energy. In Table 3.4, details of the 
crystal field stabilization of metal ions in an octahedral 
crystal field are given for an octahedrally coordinated 
water environment, where 6
0 
is the energy difference between 
the t 2 and e orbitals (Figure 3.1). The crystal field g g 
stabilization energy (C.F.S.E.) is a function of both 60 
and the electronic configuration of the 
I 
' 
' 
---1----------
d 
xy d yz d yz d 2 d'-x2-y 2.2 
unperturbed ion in 
a crystal field 
' 
ion in an octa-
hedral crystal field 
Figure 3.1. Relative energy levels of d orbitals of a 
transition metal ion in octahedral coordination 
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TABLE 3. 3 Proposed Mechanisms for the Incorporation 
of Co into Manganese Oxides 
Mechanism L1G L1 C.F.S.E. Ionic Radius 
(kJ mol- 1 ) (kJ mol-l) (pm) 
Co (II) (aq) + Mn(III) (s)-t +32 +311 Mn(II) = 80 
Co (III) ( s) + Mn ( I I ) ( aq) Mn(III)= 66 
Co (II) (aq) + Fe ( I I I) ( s ) ---t +103 +512 Fe(III)= 64 
Co (I II) ( 8 ) + Fe ( I I ) ( aq) 
2 Co ( I I) ( aq) + Mn(IV)(s) ~ -60 +132 Mn (IV) = 54 
Co (I II) ( 8 ) + Mn ( I I) ( aq) 
TABLE 3. 4 Crystal Field Stabilization in an 
Octahedral Crystal Field87 
n Electronic M(H 20) 6 Con fig- C.F.S.E. l'io CFSE 
Ion D Electron uration (kJ mol-l) (kJ mol-l) 
Mn (IV) 3 t 3 2g 66o/5 275 330 
Mn(III) 4 t 3 l 36o/5 250 151 e 2g g 
Mn(II) 5 t 3 2 0 0 e 2g g 
Fe (III) 5 t 3 2 0 0 e 2g g 
Fe (II) 6 t 4 2 26o/5 124 50 e 2g g 
Co (III) 6 t 6 2g 12L1o/5 222 534 
Co (I I) 7 t 5 2 46o/5 89 72 e 2g g 
Ni (II) 8 t 6 2 6 L1o/5 102 123 e 2g g 
Cu (II) 9 t 6 3 36o/5 155 93 e 2g g 
Zn(II) 10 t 6 4 0 0 0 e 2g g 
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metal ion (Table 3.4). In the oxidation of Co(II} (t2g
5 
eg2 } 
which has an octahedral C.F.S.E. of 72 kJ mol-l, to Co(III) 
6 -1 (t2g ) , with a C.F.S.E. of 534 kJ mol , there is a gain in 
stabilization of 462 kJ mol- 1 . The reduction of Mn(III) to 
Mn(II) is accompanied by a loss of C.F.S.E. of 151 kJ mol-l 
(Table 3.4), hence the overall C.F.S.E. change for the reaction 
is +311 kJ mol-l.- Since Mn(II), Co(II), Cu(II), Ni(II} and 
Zn(II) all have lower octahedral C.F.S.E. 's than Mn(III), this 
energy will not be a driving force for the replacement of 
Mn(III) by the divalent metal ions. 
Glasby 83 has criti sed this application of crystal 
ld theory to the interpretation of a mech sm for the 
accumulation of Co Mn oxide phases of concretions. Glasby 
advocates a consideration of the total free energy change of 
the reactions in any mechanism, and not mere a consideration 
of the C.F.S.E., which a minor part {<10%) of the ove 1 
free energy. In reply to Glasby's cri cism, McKenzie 84 has 
pointed out that for the non-stoichiome c Mn oxides being 
cons ide , there a lack of accurate thermodynamic data 
available, and even more so with respect to the inclusion of 
Co(II) ions in the surface of such oxides, which makes a 
consideration of the overall free energy for these processes 
dif cult. 
83 Glasby also claimed that the Mn(III} ion is unlikely 
to be stable in manganese minerals, as suggested by McKenzie 53 , 
85 
and Loganathan and Burau . To illustrate th point, Glasby 
used the 86 energy data for the compounds in the reaction; 
(k~J mol-l) 2 X 757.3 -616.5 464.8 2 X -237.2 
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to show that the energy change is -41.1 kJ mol-l. On 
this basis, Glasby claimed that a mechanism for the accumul-
ation of Co by Mn oxides is unlikely, in terms of a replace-
ment of 1-'tn (III) by Co (III) . 
. 53,84 HcKenz1e maintained that Mn(III) does occur in 
manganese minerals (such as hausmannite (Mn 3o4)) in octahedral 
sites. McKenzie considered that thermodynamic arguments are 
inconclusive in the present context, for although Mn(OH) 3 
may be unstable with respect to disproportionation, the free 
energy change for the reactioni 
-237.2 -464.8 -616.5 
-1 is +44. 2 kJ mol , and there re Mn (III) is stable in this 
form. 
It should be pointed out that all of free energy 
changes discussed above are small, and cannot be taken as 
an adequate gui to thermodynamic stability. Also investi-
gators appear to have not discussed the major energy factor 
for solids, which is the lattice energy. 
• I h • 53 McKenz1e s mec an1sm of Co(III) replacing Mn(III) 
does not explain the correlations between Co and Fe which 
have been found in concretions by seve 69-71 workers . 
71 Burns and Fuerstenau found that Co was correlated with Fe 
in marine concretions, and that Ni, Cu and Zn correlated 
with Mn. They suggested that divalent Ni, Cu and Zn 
laced Mn(II), and the Co(III) substituted for Fe(III), 
ln hy ted iron oxide phase, FeOOH·nH 20, of ferromangan-
ese concre ons. If the oxidation of Co(II) is by Fe(III) 
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ions the concretion, this process not favoured thermo-
dynamically, but does have a gain in C.F.S.E. (Table 3.3) to 
overcome this. 
87 In a later study, Burns rejected his former propos-
al, as he now claimed it is unlikely that Co(III) ions will 
enter into isomorphous substitution with Fe(III) ions in the 
FeOOH·nH 2o phase, ·or with high spin Mn(II) or Mn(III) ions in 
the Mn oxide phase of concretions (mainly high Fe(III), 
Mn(II) and Mn(III) oxides are found in minerals 87). This is 
because of, firstly, the ionic radii of Fe(III) (64 pm), Mn(II) 
(80 pm) and t-1n(III) {66 pm) are larger than that of low 
spin Co(III) (53 pm) ion. The di ces, 17, 34 and 19% 
respe ly, are, for Fe{III) and Mn(III), just outs that 
normally expected (±15%) between ionic radii of the host 
ub . . 87 and s st1tuent 1ons , and therefore there may be some 
doubt this argument for these cases. Secondly, small 
Co(III) cation is s d to be the reason why CoOOH a diff-
erent crystal structure from any of the FeOOH and MnOOH poly-
morphs 74 • 
The closeness of the ionic radii of Co(III) (53 pm) and 
Mn(IV) (54 pm) suggests that Co(III) could substitute for 
Mn (IV) ions . 74 Burns proposed that hydrated cations, 
including Co(II), are initially adsorbed on to surfaces 
of certain Mn(IV) s, near vacancies found in the chains 
or ts of edge-shared [Mno6 J o edra. Then, xation of 
Co occurs as a result of the oxidation of the adsorbed Co(II) 
ions by Mn{IV) ions, and replacement of the resulting Mn{II) 
ions by low spin Co(III) ions in octahedral environment. 
Such a process is; 
6I 
2Co~~) + 2CH(aq) + 2H20(aq) + 6-M102 -+ 2Co(CH) 3 (s) + M1~~) 
~GP(kJ mol-l) 2x-53.6 2x-157.3 2x-237.2 -464.8 2x-596.6 -227.6 
-1 
and the overall free energy change is -59.8 kJ mol . 
This mechanism has a favourab crystal ld stabi z-
ation energy, because the C.F.S.E.'s for Co(III) and Mn(II) 
- -1 
are 534 and 0 kJ mol respectively, while the reactants 
species Co(II) and Mn(IV) have C.F.S.E.'s of 72 and 330 kJ 
mol-l, so that the net gain in C.F.S.E. 132 kJ mo 1 The 
C.F.S.E. of the Mn(IV) ion in an oxide structure is not 
known 53 , and the values Mn (IV) Table 3.4 are approxi-
mate values calculated from parameters given by Figgis 88 . 
It also likely that there would be a loss of lattice 
ene due to replacement of Mn(IV) by Co(III), although 
the Co(III} ion could occupy a previous 
lattice 74 . 
vacant position in 
Burns 74 offers an explanation of the Fe-Co corre 
ations that some workers have observed in ferromanganese 
concretions. Ferric ions are randomly distributed in the 
octahedral sites of o-Mn0 2 • The structural similarities 
between 8-Mno2 and FeOOH·nH 2o make them amenable to epitaxial 
intergrowths, which probably ini ate nucleations, and le~d 
to the intimate association of Mn and Fe oxide phases in 
ferromanganese concretions. Therefore, an apparent Fe-Co 
correlation could actually be a Mn-Co correlation, th the 
6-Mno2 phase itaxially intergrown with FeOOH·nH 2o. 
Murray and Dillard 89 , using X-ray photoelectrons c-
troscopy, showed the presence of Co(III) .adsorbed on to Mn0 2 . 
The manganese spectra were characteristic of Mn(IV). This 
evidence supports Burns 74 proposal of a Co(III)-Mn(IV) 
mechanism, and confirms that an important factor of Co 
accumulation in Mn oxides is its ability to be oxidized 
from Co(II) to Co(III), in the process gaining C.F.S.E. 
4. Trace element associations with organic matter 
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(i) Types of organic matter. Organic matter in soil 
is arbitrarily divided into two categories - humic and non-
humic substances 90 . The non-humic substances include corn-
pounds still possessing recognizable chemical characteristics. 
This group includes carbohydrates, proteins, peptides, amino 
acids, fats, waxes, and various low molecular weight organic 
substances such as fumaric and oxalic acids. Usually these 
substances have short lifetimes, as they are rapidly attacked 
by soil microorganisms. 
Most soil organic matter falls into the category of 
humic substances. They are amorphous, brown or black, hydro-
philic, acidic, and in the molecular weight range from 
hundreds to tens of thousands. Humic substances are divided 
into three groups: 1) humic acids, which are soluble in dil-
ute alkali, but acid insoluble, 2) fulvic acids, which are 
soluble in both acid and alkali, and 3) humin, which is 
insoluble in both acid and alkali. Fulvic acids tend to have 
lower molecular weights and a higher content of oxygen-
containing functional groups per unit weight, than do humic 
acids and humin. Humic fractions are resistant to microbial 
degradation, and can form stable water-soluble and water-
insoluble salts and complexes with metal ions and hydrous 
oxides. They can also react with clay minerals. 
(ii) Organic complexes. In a study of the concentrat-
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ions and forms of trace elements in soil solutions, Hodgson 
91 
et al. found that the concentrations of Co, Cu and Zn 
extracted in water from surface horizons were less than 1 ~m, 
while the concentration of Mn ranged from 0.02 to 68 ~m. In 
acid soils, the dominant inorganic species is M2+(Mn 1 Co, Cu 
and Zn) 1 while in neutral and alkaline soils the monovalent 
hydroxy cation 1 M(-OH) +, becomes more important. Hodgson et 
al. also found significant portions of the trace elements 
tied up in complexes, about 25% of the Co in the extracted 
solution being complexed, and 50% of the Zn, 90% of the Mn, 
and up to 99% of the Cu extracted also being complexed. 
Although the chemical nature of these complexes is not clear, 
h babl ' ' 9 2 t ey are pro y anlOnlc '· and involve organic ligands, 
since the amount of Cu and Zn complexed correlates with the 
' ' 91 organlc matter content of the solls . 
Geering et a1. 93 found that in the solution extracted 
with water from one soil, there were at least two groups of 
organic containing compounds present, with weakly acidic 
properties, which were associated with Cu and Zn. One of the 
groups separated was relatively inert and non-dialyzable, and 
the other was dialyzable, and had acidic characteristics, 
attributable to aliphatic and amino acid residues. 
(iii) The interaction of trace elements and soil 
organic matter. Humic compounds form very stable complexes 
with a number of metallic ions. There are several types of 
interaction possible: 1) a simple salt formation by the 
neutralization of the negative charge on the humic acid, 
2) the interaction of a polar humic group with the waters 
of hydration around the metal ion, and 3) a coordination 
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compound, in which the carboxylate group of the humic acid is 
directly bonded with a metal ion. It is likely that for 
divalent cations, the interactions will be through H-bonding 
between the waters of hydration and the carboxylate group of 
the humus, but for the trivalent cations, such as AlJ+ and 
Fe 3+, coordination will be with the cation itself 2 . The 
functional groups 'in the organic matter, which are bonded to 
the metal ions, 
carbony 1 groups 
are probably carboxylate (COO ) , phenolic -OH, 
94 (C=O), and -NH 2 groups . 
Fulvic, and other humic acids in the soil, probably 
f . 11 1 1 3+ d 3+ . d h . pre erentla y comp ex A an Fe lOns, ue to t elr 
greater abundance. Humic polymers will also complex other 
2+ trace element ions, and in particular, they complex Cu 
strongly. A measure of the strength of the metal ion-organic 
matter interaction can be gauged by the drop in the pH of a 
solution, when the chloride or sulphate of the ion is added 
. . . 95 . 
to a solutlon of organlc aclds Experlments showed that 
the order of the strength of interaction of the trace element 
ions and organic matter, is as given below. The ionic 
potentials (charge/radius) are also listed. 
>> 
Ionic potentials : 4 . 7 6.0 2.8 2. 7 2. 8 2.7 2.5 
It is apparent that the interaction is determined, to a large 
extent, by the charge density of the metal ion. 
The stabilities of the metal-organic complexes increase 
with pH, and then sharply fall, as insoluble hydroxides form. 
Schnitzer and Skinner96 found that complexes of fulvic acid 
Wl.thA1J+ . 3+. 9 ions broke up at pH 8, and Wlth Fe lons at pH , 
. l 2+ . d. d b k t. 1 H 10 but those Wltl Cu lons l not rea up un l p . 
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(iv) Stability constants of metal-fulvic acid complexes. 
h . 97 Sc nl tzer determined the stability constants of water 
soluble complexes formed between fulvic acid and some metal 
ions, at pH 3.5 and 5.0. The stability constants were 
greater at pH 5.0, possibly due to increased acid dissociation 
of the functional groups, especially carboxylate groups; 
The order of stability of the metal ion-fulvic acid complexes, 
at pH 3.5 is; 
and at pH 5. 0; 
The order deviates significantly from the Irving-Williams 
order Mn 2+ < Fe 2+ <Co2+< Ni 2+ < cu2+ < zn 2+. Two notable 
features of the order of stability of the fulvic acid 
2+ 
complexes, are the high stability of the Fe complex and the 
low stability for the zn 2+ complex. The formation of the 
Z+ f 1 . . d 1 5 0 b t d b Cu - u VlC acl comp ex, at pH . , may e represen e y 
the equation; 
The stability constants measured for the metal ion-
organic matter complexes are an average value for sites of 
94 
varying bonding strengths The constants have been deter-
mined at high concentrations of trace elements whereas at the 
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low metal concentrations which exist in the soil solution, 
the situation could well be different, and specific sites 
with higher bonding strengths may assume a dominant role. 
The bonding of several trace metal ions to organic 
matter is sufficiently strong for the organic material to 
compete with the hydrous oxides of Mn and Fe. Fulvic acid, 
added to goethite; gibbsite or soil,formed complexes with Al 
or Fe 96 A mixture of fulvic and other humic acids, also 
f h d 'd 98 1 h removed Mn rom y rous Mn oxl es as comp exes. Sue 
reactions may be important in maintaining these metals in 
solution in alkaline soils. 
THE BEHAVIOUR OF TRACE ELEMENTS IN SOILS 
1. The chemistry of waterlogged soils 
In this section, the redox potential and soil acidity 
are considered as parameters which play a significant role 
in the chemical form that the elements take in the soil. In 
the following discussion on the chemistry of waterlogged soils, 
reference is made to Eh-pH diagrams, which are described, and 
their limitations noted. The effect of the loss of oxygen 
from the soil, on waterlogging, is also discussed, as is the 
major role that Mn and Fe have in determining the redox 
potential and soil acidity. 
(i) Redox potential (Eh) and soil acidity (pH). 
(a) Definition of Eh.For every redox system, the 
potential of the half reactioni 
aA + bB + ne ;:=::=. cC + dD, 
is i Eh 
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Eh is the hal cell potential relative to the standard 
hydrogen electrode, E0 is the standard half-ce potenti 
R the gas constant 1 n is the number of electrons trans-
ferred in the reaction 1 and F is Faraday constant. 
Often, the equation involves H3o+ ions, and so it is possible 
to relate Eh with pH. Eh-pH diagrams are often calculated 
over the Eh and pH ranges of the natural environment. Limits 
of pH in soils are about 4 and 9. The upper and lower limits 
of the redox potential, Eh, are defined by the stability of 
water 86 • The oxidation of water, written as a reduction 
reaction, is given by; 
+ ~o 2 (g) + 2H(aq) + 2e 1. 23 v 
which gives Eh 1. 2 3 - 0. 0 59 pH I 
assuming that P0 is unity. 2 
lower limit of the redox 
potential, and the reduction of H+ (which comes from water) 
is given by; 
+ 2H (aq) + 2e ----" -,- (g) 0 v 
resulting in Eh -0.059 pH, 
assuming that PH
2 
is unity. These equations are drawn in 
Figure 3.2, and define the normal limits of the Eh and pH 
values und in soils. 
(b) Limitations to the use of Eh-Ph agrams. An 
Eh-pH agram a quantitative summary of redox and pH data, 
which can be used to predict areas of stabi ty of cies, 
both in the solid state and solution. The use of Eh-pH 
diagrams, however, is limited, when app d to the complex 
1.2 
0 .• 6 
Eh (volts) 
0 • 0 
H 0 2 
-----... !120 
'• 
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Reducing 
4 8 12 
pH 
Framework for Eh-pH diagrams. The 
parallelogram outlines the usual limits of 
Eh and pH found in soil. 
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systems met in geology and soil science. For example, in a 
soil there are more variables than allowed for in an Eh-pH 
diagram and the diagrams are calculated assuming pure com-
pounds, which are rarely the case in soils. 
Other limitations to the use of Eh-pH diagrams include 
the fact that calculations are made for T = 25°C and P = 
101.3 kPa. Also, it is assumed that equilibrium has been 
attained; in flooded soils, this is not so. Irreversible 
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reactions, such as the loss of gaseous products {N2 , NH 3), 
hinder further the attainment of true equilibrium conditions. 
Finally, complex formation in soils may alter redox potentials 
and redox equilibria between inorganic ions. 
Irrespective of these limitations, Eh-pH diagrams do 
have a useful contribution to make in summarizing soil 
redox reactions. 
{ii) Chemica~ changes in water~ogged soi 2,99,100 
Saturation of a soil with water causes marked changes in the 
normal chemical and biological reactions in soils, principally 
because of the oxygen de ciency. Soil bacteria use up any 
free oxygen dissolved ~n the soil water, ter than oxygen 
can diffuse into the wet soil. s shortage of oxy means 
that anaerobic or partially anaerobic bacteria obtain their 
energy from biologi electron transfer reactions. 
The most effi energy lding reaction is aerobic 
res ration, where oxygen acts as an electron acceptor, to 
form water; 
+ 4e + + 4H {aq) 
However, in the absence of oxygen, other compounds in the soil 
such as nitrates, sulphate, manganese-oxy species and rric 
ions are the oxidizing agents, for example; 
+ 
N0 3 (aq) + 2H (aq) + 2e 
+ 
2N02 {aq) + 8H (aq) + 6e 
Also, in oxygen de cient condi ons, organic matter is no 
r fully oxidized to co2 and H2o, but is partially oxid-
ized to fatty , hydroxy-carboxy c acids, alcohols and 
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ketones. Some of these products can reduce ferric ions, 
producing soluble ferrous species 2 Anaerobic bacteria 
also produce sulphides, hydrogen and methane, as products of 
relatively inefficient respiration processes. 
. 99 . Taka1 and Karnura found that the reduct1on processes 
occurred in sequence, namely reduction of oxygen, nitrates, 
Mn(IV) and Fe(III). Turner and Patrick100 also found that 
the reduction process was sequential. However, they showed 
that there is an overlapping of the various reductive steps, 
with reduction of Fe(III) oxides commencing before complete 
reduction of the Mn(IV) oxides, as is predicted by the Eh 
1 ( ab\ 1 3 5) f t . 1 . 1 10 1 h . 1 va ues T e . , o a yp1ca sol . T lS over ap may 
in fact, be as result of the release of coprecipitated mater-
ials; that is, reduction of insoluble ferric oxide to more 
soluble ferrous hydroxide, could release entrapped Mn species, 
coprecipitated with the ferric oxide. 
TABLE 3.5 Redox Potentials for Some Processes 
Occurring in Soils 
Eh (mV) 
pH 5 pH 7 
02 + 4H+ + 4e ~ 2H 20 9 30 820 
N0 3 + 
2H+ + 2e ~N02 + H20 5 30 420 
Mn02 + 4H+ + 2e t===== Mn2+ + 2H 20 6 40 410 
Fe(OH) 3 + 3H+ + e 
__.. F 2+ 
.----- e + 3H2o 170 -180 
2H+ + 2e ~H2 -295 -413 
(iii) Manganese and iron. As nitrate disappears rapid-
ly in flooded soils, and as soils normally contain much more 
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Fe than Mn, the dominant redox species in reduced soils are 
102 
the hydrous Fe systems. Ponnamperuma et al. showed that 
the solid species involved in Fe(III)-Fe(II) hydroxide equi-
libria in flooded soils are the metastable substances Fe(OH) 3 
and ferrosoferric hydroxide 
2+ 
operating are Fe(OH) 3-Fe , 
Fe 3 (0H) 8 . The main redox systems 
2+ Fe 3 (0H) 8-Fe and Fe(OH) 3-Fe 3 (0H) 8 . 
The total system is portrayed in the Eh-pH diagram in Figure 
3.3; for reduced soils the limits are pH= 6.5 - 7.0 and Eh = 
0.1 V to -0.1 V. 
1 10 3 . h . Ponnemperuma et a . also stud1ed the be av1our of Mn 
oxide systems in flooded soils. They concluded that six 
manganese redox systems are involved, each system dominant 
at a different time. Their results show that initially, Mn0 2 
is 2+ reduced, partly to Mn and partly to Mn 2o3 , and later, 
d d d 2+ ( . 3 4) Mn 2o 3 an any Mn 3o 4 are re uce to Mn F1gure . . . However, 
the redox potentials are all lower (at a given concentration 
of Mn 2+ ions) than is theoretically predicted, presumably due 
to the contamination of the oxides with ferric and other ions. 
The Mn ions involved in redox equilibria in a soil are complex, 
non-stoichiometric oxides, and they have standard free energ-
ies of formation which are said to be less than those of more 
stoichiometric compounds. 
The reduction reactions that occur in the soil depend 
on the environmental Eh and pH values. The effect of change 
of pH, by one unit, on Eh is not the same for all reduction 
reactions, as can be seen from the different slopes of lines 
in Eh-pH diagrams. Hence, some species are more easily 
reduced than others, as for instance, Mn relative to Fe. 
Thl·s results l·n '1n b. '1 b'l' d57,73,104,105 1 e1ng more eas1 y mo 1 1ze 
than Fe in a soil. 
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The trends in the distribution of Fe and Mn in soils, 
and in ferromanganese concretions are well documented. In 
soils where ion movement is downward, concentrations of Mn 
are usually located lower in the profile than those of Fe, 
due to the greater mobility of Mn at higher Eh and pH. The 
reverse situation occurs in soils of restricted drainage, 
where ion movement is upwards. Here, as oxidizing conditions 
set in from above, Fe precipitates first, leaving Mn in 
solution, to eventually precipitate higher in the pro-
f 'l 105,106 1 e . Similar segregation of Fe and ~ill is also 
observed in Fe-Mn concretions, where successive rings of Fe 
and Mn deposits, reflect alternation in the Eh and pH con-
ditions of the environment. 
The earlier precipitation of Fe, relative to Mn, can 
be explained by reference to Figures 3.3 and 3.4. At a pH 
value of about 6.0-7.0, for example, Fe(III) will precipitate 
as Fe(OH) 3 and Fe 3 (0H) 8 , at a lower Eh than ~m(II) will be 
oxidized and precipitate to form Mn0 2 , Mn2o;, Mn 3o4 and, if 
Pc02 is sufficient, as ~1nco 3 . Consequently, as a waterlogged 
soil is beginning to dry out, and oxygen diffuses into the 
soil, a more oxidizing environment occurs, with a rise in the 
Eh value, which results in the precipitation of Fe(III). At 
the same Eh values, Mn(II) is still in the soil solution. 
(iv) Behaviour of other trace elements in reduced soils. 
The distributions of Cu and Zn, within the soil, are also 
influenced to some extent, by Eh and pH, even though Cu and 
Zn are not themselves involved in redox reactions. Experi-
mental data indicate that Cu and Zn, precipitated and occluded 
as oxides and hydroxides, were solubilized by low pH and Eh105 . 
Kee and Bloomfield explain the effect of drainage on trace 
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element solubility as due to the influence of anaerobic 
conditions on the microbial decomposition of organic matter107 
Under reducing conditions, soluble organic products from plant 
material decomposition, are more effective in solubilizing 
trace elements, than the corresponding products found under 
aerobic conditions. It is likely that Co(III), incorporated 
into hydrous Mn oxides, is also reduced and solubilized by 
soil reduction processes. In contrast, Reddy and Patrick 108 
reported that under intensely reduced soil conditions, sul-
phate bacteria, utilizing sulphate ions as electron acceptors, 
produce sulphide, which fixes Cu and Zn, and other metal ions, 
that were originally in solution as organic ligand complexes. 
2. The effect of impeded drainage 
One of the most important factors affecting the mobil-
ization, or otherwise, of trace elements in soil, is drainage1 . 
The effect of soil aeration on the chemistry of Fe and Mn is 
well documented. In well drained, agricultural soils, there 
is normally a decrease in extractable trace elements (extract-
ed by acetic acid or ammonium acetate) from surface horizons 
downwards. In poorly drained soils, greater amounts of trace 
elements are extracted, especially in the gleyed horizons at 
considerable depth. In some poorly drained soils on olivine 
gabbro, it was found that there was an increased extraction 
of V, Mn, Fe, Co, Ni, Cu and Zn, compared with similar 
freely drained soils 11 . Since the total Co and Ni in these 
lower horizons showed no increase over the levels in higher 
horizons, the amounts extracted could be due to Co and Ni 
being released, in situ, by a breakdown of the ferromagnesian 
minerals in which they are initially bound. In the same 
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study it was also reported that areas of Ni toxicity of 
plants in Scotland are associated with areas of restricted 
drainage. 
3. Podzolization 
Podzolic soils usually occur at well drained sites. 
The A2 horizon of.a podzol has been subjected to intense 
weathering, and consequently, the minerals remaining in this 
horizon are normally resistant to further weathering, or are 
at advanced stages of weathering. The other characteristic 
of a podzol is the B horizon, which is enriched with material 
that has been washed out of the A horizons, namely organic 
matter, clay and iron and aluminium hydroxides, tvgether with 
their associated trace elements. In an iron podzol, the zone 
f 1 . h f h h . 2 o accumu atlon occurs at t e top o t e B orlzon . Some of 
the features of podzolization are recorded in Table 3.2. 
Mitche1158 reported data for a Scottish podzol. The 
Bl horizon contained large amounts of extractable (in acetic 
acid) Fe and Al, as well as increased amounts of Ti, V, Cr, 
Mn and Cu. It was also noted that the higher amounts of 
extractable Ti, V, Cr and Al in the lower A2 horizon, may be 
evidence of mobilization and imminent translocation. After 
the trace elements have accumulated in the B horizon, with 
possible fixation by sesquioxides,oxides or as organic ligand 
complexes, they are not as readily extracted by dilute acid. 
It is likely that most of the Fe and Al accumulated in 
the B horizons of podzols, were initially associated with 
. 2 
organlc matter Originally it was thought that humic acids 
from the humus layer, on top of the mineral soil, dissolved 
Fe and Al from the A2 horizons, as they leached down the 
profile. However, it has been shown that humic acids from 
the humus layer do not dissolve iron hydroxide 2 Instead, 
76 
it appears that soluble organic compounds washed off living, 
or recently dead vegetation could be mobilizing the elements. 
Leaf drip from oak and pine trees has been shown to contain 
-1 109 . 
up to l kg ha of polyphenols . These polyphenols, wh1ch 
can reduce ferric ions under acid conditions, could mobilize, 
as water-soluble complexes, comparable amounts of Fe and Al. 
Polyphenols involved in these complexes are probably in the 
form of a polymer, after binding with other organic compounds, 
such as amino acids from the vegetation. 
Podzolization processes are important in the genesis 
of the chronosequence, biosequence and toposequence soils. 
4. Toposequence soils 
A toposequence is a sequence of soils formed in a 
changing topography, in an area of constant parent material. 
In general, the distribution of elements depends on the way 
water moves in the soil, and on how dissolved compounds 
behave. Since drainage in a toposequence depends on the top-
ography, so does the resulting distribution of elements. 
The basic process producing a toposequence of soils, 
is the movement of water from the slopes of a hillside, into 
ground water or a river draining the area 2 . Rainwater, 
having fallen on the hillside, has a lateral flow, which 
carries the soil solution and soil particles downslope. As 
the ground water downslope may be near to the soil surface, 
there can develop a gleyed horizon, which is most pronounced 
in the footslope (see Table 3.2). 
Percolating water removes soluble weathering products 
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from soils on the upper slopes, while laterally moving water 
carries some of these species to lower slope profiles 2 . 
Consequently, upper slope soils become more acidic. Lower 
slope profiles, on the other hand, are partially illuvial, 
have a higher pH, and display lesser effects due to eluviation. 
Yaalon et al~04 reported that in a toposequence of 
soils on basalt, there was a differentiation in elemental 
distributions, due to the drainage effects of the slope. The 
Mn concentrations increased downslope, whereas Sr, Ba and Ti 
decreased. They gave a mobility sequence for these elements 
as Sr > Ba > Mn > Co ~ Ni ~ Cr ~ V ~ Cu > Ti. It can be seen 
therefore, that Ti is immobile, whil~ ·the decrease· of_ Sr and Ba 
downslope is due· to a higher mobility .of these elements, ·result-
ing in their being washed out of the toposequence. 
In an earlier paper, Yaalon et a1. 57 showed that Mn is 
more mobile than Fe in three Mediterranean toposequences. 
Total Mn increased downslope by 50-80% through lateral trans-
port. Although Mn is mobilized in reducing conditions, it 
was accumulated in the poorly drained downslope profiles, 
forming Mn-rich concretions. 
Childs and Leslie 76 studied a toposequence of yellow 
grey earths, finding that compact subsoils with impeded 
drainage resulted in a mobilization of many elements. For 
two groups of elements, it was found that Fe correlated well 
with Ti, V, Mo and Cu, while Mn correlated well with Co, Ni, 
Zn and Ba. 
EXTRACTION OF TRACE ELEMENTS IN SOILS 
It 1s useful, from the point of view of soil classif-
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ication and soil genesis, to differentiate between the free 
oxides of Fe, Al, Mn and Si, formed as secondary products of 
recent weathering, and those inherited (primary) from the 
parent material. Different extraction techniques have been 
developed to differentiate the types of weathering products 
found in soils. Some of the extractants used for this pur-
pose are listed in Table 3.6, and a few of these will be 
discussed in this section. 
1. The amorphous and crystalline iron oxides 
McKeague and Day 110 outlined an extraction procedure 
which allows an approximate differentiation to be made 
between the amorphous forms of Fe, and finely divided cryst-
alline Fe oxides. They used a selective extraction of soils 
with acid ammonium oxalate (in darkness) and a dithionite-
citrate-bicarbonate solution111 , respectively. Since there 
is no sharp division between amorphous and crystalline 
material, the results from the extraction can only be an 
approximate guide to the different materials. The selectiv-
ity of the extnactants is based on the fact that rates of 
dissolution are controlled by the surface area, structural 
order, and bonding within the oxides. The rate is greatest 
for amorphous material. 
Le Riche and Weir 8 also determined the total free Fe 
oxides using acid ammonium oxalate under ultraviolet radiation, 
and found that the photolytic procedure extracted greater 
amounts of the free oxide than did the dithionite-citrate-
bicarbonate method. The dithionite method is the method 
normally used now for free oxide determinations. 
116 HcKeague et al. reported a complication which can 
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TABLE 3.6 Some Extractants Used in Soil Analysis 
Method Fraction of Soil Extracted Reference 
Ammonium oxalate 
(in darkness) 
Ammonium oxalate 
Dithionite-citrate-
bicarbonate 
Sodium pyrophosphate 
Ethylenediamine-
tetraacetic acid 
I Acetic acid, ammon-
ium acetate 
Hydrochloric acid 
Water 
Amorphous Fe oxides 
Amorphous and crystalline 
Fe oxides 
Amorphous and crystalline 
Fe oxides 
Amorphous, organic Fe, Al 
Transition metal chelates 
Exchangeable cations 
Exchange cations 
Mobilized elements still 
in the soil solution in 
an ionic or chelated form 
8,110,112 
8,110,112 
8,111 
113 
52,114 
52 
115 
52 
arise ln the interpretation of oxalate extractable Fe values 
(extraction in darkness) in soils containing magnetite, due 
to the ability of ammonium oxalate to dissolve significant 
amounts of magnetite. However, the more common Fe minerals, 
goethite and hematite, were relatively unaffected by an oxa-
late treatment. 110 McKeague and Day tested the ammonium 
oxalate method as an aid in soil classification, and used it 
in developing criteria for distinguishing spodic Podzol B 
horizons, from other horizons enriched in Fe. 
Although the distinction between amorphous and more or 
less crystalline forms of extractable elements is useful, a 
further· division of the amorphous portion would be an advant-
age, namely inorganic, compared with organic amorphous mater-
ial. For example, some soils developed in volcanic ash 
contain high amounts of inorganic Fe, yet they cannot be 
distinguished, by their oxalate extractable Fe content, from 
spodic horizons in which the iron is usually associated with 
116 
organic matter . 
2. The amorphous organic fraction in soils 
113 Aleksandrova found that sodium pyrophosphate 
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extracted humus and its complexes with Fe and Al from soils. 
117 Bascomb reported that potassium pyrophosphate extracted 
Fe from organic complexes and amorphous gels, but not from 
118 
aged amorphous hydrous oxides. McKeague presented evid-
ence that sodium pyrophosphate was reasonably specific for 
the organic complexed Fe and Al in soils. McKeague et a1~ 16 
estimated organic complexed Fe, amorphous inorganic Fe, and 
more or less crystalline Fe oxides, by selective extraction 
of soils using pyrophosphate, oxalate and dithionite-citrate-
bicarbonate respectively. They also gave evidence suggesting 
that, for Fe and Al fulvic acid complexes and Fe and Al 
hydrous oxides, pyrophosphate is reasonably specific for Fe-
organic complexes, but less specific for Al-organic complexes. 
McKeague et a1~ 16 considered that their results, and 
earlier work 117 , 118 , demonstrated that pyrophosphate-extract-
able Fe and Al could be used as a basis of a chemical criter-
ion for spodic horizons. For this purpose they considered 
that pyrophosphate is more specific than pyrophosphate-
d 'th' . . t 119 l lOnlte mlx ure , and that unlike acid oxalate, it does 
not dissolve magnetite or other easily weathered Fe minerals 
such as olivine. 
3. The mechanisms of pyrophosphate and oxalate extractions 
The two extraction methods used in this work were 
sodium pyrophosphate for the amorphous organic fraction of Fe 
and Al, and the ammonium oxalate extraction for the amorphous 
Fe oxides. Proposed mechanisms for these two extractions are 
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as follows. 
(i) Sodium pyrophosphate extractions 120 In the pyro-
phosphate extraction, there is an increase in pH, and a 
. . th + . saturat1on Wl Na 1ons. At the higher pH, any previously 
undissociated -COOH and phenol -OH groups lose their protons, 
with .an increase in the charges on the organic species, which 
are then neutralized by the Na+ ions. The charges tend to 
cause repulsion between the organic molecules which produces 
a breaking of some of the Van der Waals and H-bonds between 
the organic molecules. Cations bonded to organic ligands 
tend therefore to be released into solution while this process 
occurs, and are preferentially complexed to the pyrophosphate 
anions. 
(ii) Ammonium oxalate extractions. 112 De Endredy 
proposed a mechanism for the dissolution of Fe(III) oxides by 
ammonium oxalate, both in darkness and under ultraviolet 
irradiation. Firstly, the soil will contain Fe-organic 
ligand complexes. 2-The bidentate ligand oxalate c 2o 4 , could 
form a complex with some of this Fe, displacing other organic 
ligands. Also, suspensions of ferric oxides are positively 
charged and are likely to adsorb the oxalate anion. Once the 
ferric oxalate complex has been formed, a redox reaction can 
occur, more efficiently under ultraviolet radiation, 
generating the c2o 4 radical, which can cause further redox 
reactions to occuri 
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The mechanism of dissolution of Fe oxides in ammonium oxalate 
in darkness is less efficient (extracting 10-20% of the Fe in 
112 the photolytic procedure ) . This could be due to little 
production of the c2o4 radical, which would make the second 
reaction above slow. The oxalate ligand can still form com-
plexes with the organic bound Fe in the soil, as De Endredy112 
found that absorption spectra of the extracts indicated the 
presence of soluble organic matter. Some c 2o 4 radicals 
could also be produced owing to a small amount of oxygen 
presenti if some Fe(II) is present, bound to organic matter, 
it may react with the oxygeni 
+ -+ + 
The c2o4 formed could then initiate the redox reaction above. 
This reaction would cease once the oxygen has been used up. 
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CHAPTER 4 
TRACE ELEMENTS IN THREE SOIL SEQUENCES 
The separated soils (sand, silt and clay) for the 
chronosequence, biosequence and toposequence were analysed 
for the elements Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn by 
digestion in an HF-HC10 4 acid mixture and determined by 
atomic absorption spectroscopy or colorimetrically (Ti). The 
whole soils of the three sequences were treated with ammonium 
oxalate and sodium pyrophosphate extraction reagents, and the 
resulting solutions analysed for Al, Si, Mn, Fe, Cu and Zn by 
A.A.S. The methods of analysis are outlined in Chapter 7. 
The results of the analyses are presented below in 
two ways; firstly elemental analyses as a concentration based 
on the ignition weight of the sample, and secondly on the 
basis of the amount of each element in a given volume of 
soil- both per horizon, and to depths of 0.38 and 0.68 min 
the profile (see Chapter 2 for reasons). 
The results are then discussed in light of the review 
given in Chapter 3. 
RESULTS 
1. Concentration of trace elements in the soil sequences 
The concentration of the trace elements, on an ignition 
weight basis, in the sand, silt and clay fractions, and of 
the whole soils (obtained by combining the data for each 
fraction) of the chronosequence, biosequence and toposequence 
soils are listed in Tables 4 .l to 4.10, which are listed in 
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Appendix 1. Tab summarising typical results are 
presented in the Chapter when necess 
(i) Chronosequence soils. For the elements 
measured, their concentrations increase within a soil sample 
with decreasing particle size (Tables 4.1 to 4.3) i typical 
data are given in Table 4.1Ai 
TABLE 4 .lA Variation in Concentration of Elements 
With Particle S 
SOIL AND SIZE ELEMENT 
HORIZON FRACTION Zn 
Io Bsl sand 0 .16 17 13 223 1.17 7 6 8 21 
silt 0.47 41 31 325 l. 87 8 21 30 40 
clay 0.63 108 73 291 4.34 17 24 49 300 
Ah Bs3 sand 0.18 22 16 286 1.55 8 10 22 34 
silt 0.37 58 37 483 2.56 10 15 17 63 
clay 0.73 172 94 423 7.87 21 33 66 151 
Ok Ag sand 0 .16 3 0 79 0 .10 0 9 7 0 
silt 0. 36 4 6 111 0.17 0 9 27 11 
clay l. 26 24 20 259 0.44 4 13 19 18 
Within any size fraction the concentration of the 
elements tends to increase with depth down the profile 
(Table 4.2A) except for Ti and Cu. The concentration 
remains relatively uniform with increasing depth for sand, 
silt and clay. The concentration of Cu on the other hand is 
often high in sand, silt and clay fractions of surface 
ho zons, decreasing in the lower A horizons, and then 
increasing again deeper in the profi 
~Hth increasing age of soil, that is from the Ho 
{youngest), Io, , Ku to the Ok (oldest) soil pro le, there 
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TABLE 4. 2A The Variation in Concentration of Elements in 
Sand, Silt and Clay Fractions of the Iw Profile 
with Depth 
SOIL AND INCREASING Ti v Cr Mn Fe Co Ni Cu Zn 
HORIZON- FRAcriON DEP'IH (%) llg g-1 I ( %) I lJg g-1 
Iw A Sand 
1 
0.24 17 13 252 0. 89 5 5 11 15 
Brl Sand 0.22 22 16 268 1.54 6 4 4 27 
Cr1 Sand 0.26 30 21 281 2.14 10 13 17 50 
Iw A Silt 
1 
0.47 20 32 281 1.25 8 22 38 45 
Brl Silt 0.46 40 31 363 2.22 9 18 16 45 
Crl Silt 0.49 85 66 466 4.00 16 25 28 103 
Iw A Clay l 0.71 42 67 153 1.99 13 36 44 86 Brl Clay 0.61 98 89 317 5.41 21 39 39 164 Crl Clay 0.56 102 101 408 7.43 22 41 44 223 
is a distinct trend in the concentration of the trace elements 
in the whole soil (i.e. combined data, Table 4.4) to increase 
to either the Io or Ah profiles and then decrease (in concen-
tration) in the remaining older soils. These trends are 
illustrated by the data given in Table 4.3A, where the 
TABLE 4. 3A Variation in Concentration of Elements in 
SOIL AND 
HORIZON 
Ho 
Io 
Ah 
Ku 
Ok 
Au2 
Bs2 
Bs3 
Br3 
Br3 
Ti 
(%) 
0.34 
0.32 
0.32 
0.54 
0.45 
the Whole Soils with Soil Age 
V Cr Mn 
52 
47 
57 
43 
35 
34 
32 
35 
22 
12 
380 
561 
349 
170 
111 
Fe 
(%) 
2.56 
2.45 
2.94 
0.44 
0.25 
Co 
11 
13 
11 
4 
4 
Ni Cu 
17 
15 
15 
8 
5 
24 
18 
29 
10 
5 
Zn 
42 
72 
62 
15 
11 
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concentrations of elements in the horizon immediately above 
the C horizon are given for each chronosequence profile (note 
that the Ha and Iw profiles are excluded as these are wetter 
variants of the Ho and Io profiles) . The observed trend is 
also apparent for the separated sand and silt fractions. In 
the case of the clay fractions the concentrations of Ti and 
V increase with age throughout the whole chronosequence, and 
the concentration of Cr remains relatively constant, while 
for the other elements, the observed trends are the same as 
for the whole soil. 
In the wetter variant of the Ikamatua soil, Iw, the Ti 
concentration in the whole soil is greater than for the drier 
Io profile. This may be attributed to greater Ti levels in 
the sand and clay fractions of the upper horizons of the Iw 
profile. The higher concentrations of Cr in the A and B 
horizons of the Iw whole soil (compared with Io) are due to 
higher levels in the clay fraction of the wetter soil. In 
contrast, the elements Mn, Fe and Zn are at lower concentrat-
ions in the upper horizons of the Iw profile. 
In the wetter variant of the recent soils (Ha) the 
concentrations of the elements Mn and Fe are significantly 
lower than in the freely drained Ho profile. The concentrat-
ions of the other elements are similar in both profiles. 
(ii) Biosequence soils. The concentrations of the 
trace elements in the biosequence profiles are presented in 
Tables 4.5 to 4.8. The levels of metals in the whole soil 
(Table 4.8) and the clay fraction (summarizing data in Table 
4.4A) indicate that differences in the concentrations of the 
metals between the Ah and Pod Ah profiles occur mainly in the 
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TABLE 4. 4A BIOSEQUENCE 
Concentration of the Elements Ti, V, Cr, 
SOIL AND 
HORIZON 
Ah AB 
Pod Ah E 
Ti 
(%) 
0.77 
1.27 
Mn, Fe, Co, Ni, Cu and Zn in the Clay 
Fraction 
V Cr Mn Fe Co Ni Cu Zn 
(%) 
115 61 241 5.74 15 22 30 73 
42 47 180 1.12 11 15 37 39 
horizon above the Bs horizon (AB in the Ah profile, and E in 
the Pod Ah). The levels of V, Cr, Mn, Fe and Zn are reduced 
in the E horizon (Pod Ah) while the levels of Ti, Co, Ni and 
Cu are generally similar. However, the Ti concentration in 
the clay fraction of the E horizon (Pod Ah) is higher than 
for the AB horizon (Ah) . Perhaps the most striking feature 
of the biosequence soils is the 4 to 5 fold reduction of Fe 
levels in the clay of the Pod Ah E horizon compared with the 
Ah AB horizon. Similar trends occur for the sand and silt 
fractions. The greatest change in the Mn levels from the 
Pod Ah E horizon to the Ah AB horizon occurs in the silt 
fraction (a 42% reduction). 
(iii) Toposequence soils. The concentrations of the 
trace elements in the Lower Footslope and Crest profiles of 
the toposequence are given in Table 4.9 and 4.10. The levels 
of the elements in both profiles are similar, with the excep-
tions of Ti, which is at slightly higher levels in the L.F.S. 
profile, and Fe, which is at higher concentrations in the 
Crest profile (Table 4.5A). These trends occur for both the 
clay fraction and the whole soil. 
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TABLE 4 .SA TOPOSEQUENCE 
Concentration o£ the Elements Ti and Fe 
SOIL AND HORIZON 
L.F.S. 
Crest 
Ar 
Er 
Brs 
Bhs 
Br 
E 
EB 
Bhs 
2 Bs 
in the Clay Fraction 
Ti 
0.71 
1.12 
1.27 
0.87 
1.34 
0. 9 8 
1.0 0 
0. 75 
0. 89 
Fe 
(%) 
0.78 
1. 78 
1.78 
1.51 
2.26 
1.48 
6. 85 
5. 76 
6.77 
2. The amount of trace elements in the chronos uence 
profiles 
Expressing the amount of the trace elements in the 
pro les o£ the chronosequence (i.e. amount per volume, rather 
than amount per mass) , high ghts how the trace elements have 
been affected by weathering. The values presented in Table 
4.11 and 4.12 have been calculated for the clay fraction and 
the whole soil of each horizon by making use of the data in 
Tables 2.4, 2.5, 4.3 and 4.4. The total amount of each trace 
element, in clay and the whole soil, to a depth o£ 0.38 m, 
has also been calculated (Tables 4.13 and 4.14). The change 
in the amount of an element, in the whole soil and clay 
fraction of each ho zon, with depth are more clearly shown 
graphically as given in Figures 4.1 to 4.7, and with soil age 
in Figures 4.9 to 4.12. The 
endix 1. 
gures are presented in App-
The plots have been constructed by graphing the amount 
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of the element in a profile (as kg ha-l crn-l horizon) against 
the depth of the midpoint of each horizon (in ern) . Expressing 
the amount per volume as per ern of horizon enables a compari-
son to be made of horizons of different thicknesses. The use 
of the midpoints of each horizon is not meant to infer a 
constant concentration throughout a horizon, but is used for 
ease of presentation of the data. Only mineral horizons have 
been considered in calculating the data and therefore the 
Ikarnatua OA horizons are not included. 
(i) Changes in the amount of elements with depth. The 
variation with depth in the amount of Ti and Fe, for the whole 
soils is given in Figures 4.1 and 4.2. For the younger soils, 
i.e. the Ho, Ha, Io, Iw and Ah profiles, the Ti and Fe data 
closely resemble each other. The same trends also occur for 
the elements V, Cr, Mn, Co, Ni, Cu and Zn. In general, the 
trend in the younger soil is for the amount of an element 
(per ern of horizon) to increase with depth to the B horizons 
and then decrease to the C horizon, except for the Ah profile 
where there is a continual increase with depth. 
The amounts of Ti and Fe (per ern of horizon) in the A 
and B horizons of the youngest soils (Ho and Ha) , are greater 
than in the older Io, !W and Ah soils (Figures 4.1 and 4. 2) . 
Because of the greater weathering of the oldest soils (Ku and 
Ok), one could expect the amount of an element (per ern of 
horizon) to be even less, as is the case for Fe (Figure 4. 2) . 
Similar trends also occur for the elements Cr, Mn, Co, Ni, Cu 
and Zn. However, for Ti (Figure 4.1), and to a lesser extent 
v, the amount of these elements (per em of horizon) increases 
significantly with the age of the soil. 
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The values (kg ha-l cm-l horizon) plotted in Figures 
4.1 and 4. 2 are influenced by variations in bulk density 
(Table 2.4) and elemental composition (Table 4.4). Bulk 
densi determines the amount of inorganic material in a 
volume of soil. A p of the amount of inorganic material 
with .depth (Figure 4.3) resembles closely that of the plots 
for and Fe, des d above for the Ho, Ha, Io, Iw and Ah 
profi , and forTi and V in the Ku and Ok profiles. This 
clearly highlights a fference.between Ti and Von the one 
hand,and the remaining elements, as regards resistance to 
weathering. 
For the wetter variants, Ha and Iw, of the more freely 
drained Ho and Io profiles, the change in the amount all 
the elements (except Mn) with depth, is similar to change 
in amount of inorganic material with depth. In the case 
of Mn, levels per em of horizon are greater in the Bs2 and Cl 
horizons of the Io pro le than in Iw profile. Manganese 
has en lost under the wetter conditions of the Iw profile. 
The variation in the amount of Ti, Mn, Fe and Co in the 
clay fraction with depth is presented in Figures 4.4 to 4.7. 
The variations are similar for Ti, V, Cr, Fe, Ni and Cu in 
the Ho, Ha, Io, Iw and Ah profiles, namely an ase in 
amount,per em of horizon, to the B horizons followed by a 
decrease in the C horizons. For remaining elements (Mn, 
Co Zn), a simi pattern is observed in the Ho, Ha, Iw 
and profiles 1 but significantly great~r values occur in 
the Io B horizons than found for the other elements. This 
s sts loss of Mn, Co and Zn from the wetter Iw profile, 
and a chemical association of Mn, Co and Zn. 
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The data also indicates (Figure 4.3 to 4.7) that for 
all elements there is a tendency for the amount of an element, 
per em of horizon, to increase with soil age from the young-
est Ho and Ha profiles to the older Ah profile. However, 
the figures obtained for the oldest soils (Ku and Ok) again 
indicate a difference between two groups of elements. For 
Ti, there is a continuing increase in weight per em of 
horizon with soil age (Figure 4.4) reaching the highest levels 
in the Ok profile. A similar trend occurs for V and to a 
lesser extent, Cr. On the other hand, the amounts of the 
elements Mn, Fe, Co, Ni, Cu and Zn, per em of horizon, all 
show a marked depletion from the young to old (Ku and Ok) 
soils. 
age. 
(ii) Changes ~n the amount of the elements with soil 
The weights of each element in the whole soil and clay 
fraction of each horizon are given in Tables 4.11 and 4.12. 
The amounts of the elements down to a depth of 0.38 mare 
listed in Tables 4.13 and 4.14. Plots, representative of 
these data, are given in Figures 4.9 to 4.12, for the elements 
Ti, Mn, Fe and Zn. 
For the whole soil the amount of each element (except 
Ti and Zn) decreases with soil age to the Ku profile, and 
then increases slightly to the Ok profile. The decline may 
be related to weathering while the slight increase in amounts 
from the Ku to the Ok profile is due to the greater amount 
of inorganic material in the Ok profile (Table 2.4). The 
element Zn is different only ln that the amount to a depth of 
0.38 m is greatest at the Io profile, due to a high concen-
tration of Zn in the clay fraction of that profile, rather 
than in the Ho profile. For the whole soil, the Ti levels 
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decrease from the Ho to the Ah profiles, after which they rise 
in both the Ku and Ok profiles, demonstrating an accumulation 
of Ti in these older profiles. 
The amounts of each element in the clay fraction, to a 
depth of 0.38 m1 increases from the Ho profile to the Ah pro-
file for Ti, V, Cr and Fe, and the Io profile for Mn, Co, Ni, 
Cu and Zn, due to the increasing development of clay in the 
soil with age (Figures 4.9 to 4.12). The amount of Ti and V 
in the clay fraction continues to increase with soil age to 
a maximum value in the Ok profile, while the amount of Cr, Mn, 
Fe, Co, Ni, Cu and Zn in the clay fraction decreases with soil 
age after the Io or Ah profiles. 
The amount of each element, to a depth of 0.38 m, in 
the clay fraction of the wetter Ha and Iw profiles, compared 
with Ho and Io is greater for each element (except Mn and Zn) 
This is mainly due to greater amounts of clay to 0.38 min 
the Ha and Iw profiles. In the case of Mn and Zn this is off-
set by losses of these elements in the Iw profile. 
(iii) Real and apparent changes ~n the amount of 
elements in soil profiles. The data for the weights of 
elements, to a depth of 0.38 m, given in Table 4.13, refer to 
a constant volume of soil material. As outlined above, these 
data show that there is a decline in the amount of elements 
with soil age from the Ho to the Ah profile, but that the 
. d d 1 . 20 1 . th ld elements Tl an V, an a so Sl , accumu ate ln e o est 
soils of the chronosequence, while Mn, Fe, Co, Ni, Cu and Zn 
continue to fall. 
In tracing the development of the chronosequence, the 
amounts of all elements would have been expected to decrease 
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with time as weathering intensified. One of the difficulties 
in comparing soils of different ages is establishing a refer-
ence point to which all the soils can be related. The differ-
ing stages of soil development of the chronosequence soils 
means that an initial volume would expand in the formation of 
the Ah profile, and then contract later by the time the Ku 
and Ok profiles had been produced. That is, sampling to 0.38 m 
at the Ah and Ok profiles would yield lesser and greater 
amounts of inorganic material than an initial volume before 
weathering. 
From a consideration of the ratio of the amount of Si 
to the amount of Ti (Table 4.13) it appears that Si is lost 
more rapidly than Ti during the period of formation of Ho to 
Ah, while Ti is lost faster during the formation of the Ok 
soil. The data in Table 4.15(A) is calculated assuming 
1) the amount of Si remains constant from Ah to Ok, and 
2) the amount of Ti remains constant from the Ho C horizon to 
the Ah profile. The Ho C horizon represents the parent 
material of the soils of the chronosequence 20 , and the Ti 
level of the Ho C horizon (assuming 38 em thickness) is used 
for calculations in Table 4.15(A). The remaining elements 
were adjusted in proportion to the changes calculated for the 
amount of Si and Ti. 
The data in Table 4.15(A) can be used to calculate 
that over the period of formation of Ah to Ok, Ti was lost at 
-1 -1 
a rate of approximately 0.026 kg ha year . The data in 
Table 4.15(B) were then calculated assuming that a constant 
-1 -1 loss of Ti (of 0.026 kg ha year ) occurred throughout the 
entire period of soil development. 
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As a result of this analysis of the data to 0.38 m, 
and with reference to the levels of the elements in the par-
ent material Ho C, it may be seen that all elements, including 
Si, Ti and V have been lost from the profile through soil 
development. The percentage loss of elements is given in 
Table. 4.15 (C) . Up to the formation of the Ah soil, 22 to 42% 
of the total amount of Si, V, Cr, Mn, Fe, Co, Ni and Zn in 
the unweathered soil has been lost, while only 4% of the Ti 
has been. The values indicating no loss of Cu up to the 
formation of the Ah soils (Table 4.15(C)) are due to the low 
Cu levels in the Ho C horizon. From the formation of the Ah 
to the Ok soils, the loss of V, Cr, Mn, Fe, Co, Ni and Zn has 
increased markedly to between 83 to 97%, while only 57% of the 
Si and 44% of the Ti have been removed, suggesting a greater 
resistance of the Si and Ti miner~ls to weathering, or a 
lower mobility of Si and Ti species. 
Though greater loss of the elements has occurred in 
the oldest profile, the rate of loss probably has been faster 
in the younger soils. From Table 4.15(C), it can be seen 
that 22-42% of V, Cr, Mn, Co, Ni and Zn has been lost in 
18000 years (to the Ah soil) ,while the further loss of 41-72%of 
the amount of the elements has been over a period of 52,000 
to 112,000 years-a somewhat slower rate. This would be ex-
pected as the more readily weathered materials are removed 
first. 
3. Ammonium oxalate and sodium pyrophosphate extractions 
An ammonium oxalate solution was used to estimate the 
amount of poorly ordered or amorphous forms of Al, Si, Hn, 
8,110,112 h'l d' h h t d t Fe, Cu and Zn w l e so lum pyrop osp a e was use o 
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extract the metal-organic portion of the amorphous content 
f 1 S · Mn F d z · th 'l 113,117, 118 o A , l , , e an n l n e sol s . The oxa-
late extraction gives information on secondary weathering 
-·· 
products such as the hydrous oxides of Mn and Fe while the 
significance of organic chelates in binding such secondary 
products is estimated with sodium pyrophosphate. 
(i) Chronosequence soiZs. The levels of elements 
extracted, on an ignition weight basis, are given in Table 
4.16 (ammonium oxalate) and Table 4.22 (sodium pyrophosphate). 
There are two main features of the concentrations of the 
elements extracted by these reagents. Firstly, the highest 
concentration of elements extracted usually occurs in the 
lower A or upper B horizons, although for Al in the Ku pro-
file, and Al, Si and Fe in the Ok profile, the concentration 
extracted increases with depth, with the maximum occurring 
around the Bs iron-pan or C horizon. Pyrophosphate extract-
able levels fall more quickly than oxalate levels, with depth 
in the profile, reflecting the lower organic levels with 
depth. In general, these trends reflect the trends in the 
amounts of elements in the horizons. Secondly, the levels of 
Al, Si, Fe and Zn extracted by both reagents increased with 
the age of the soil, from the Ho to the Ah profiles, and then 
declined sharply in the older soils (Ku and Ok profiles) . In 
the case of Mn, the initial increase in concentration extract-
ed was from the Ho to the Io profile, followed by a decrease 
with increasing soil age. Levels of Cu extracted were always 
very low. The trend with age (Ho to Ah) does not follow the 
trend in the amount of the elements - there is more poorly 
ordered material in the older (Ah) soil. The low extraction 
in the oldest (Ku and Ok) soils is probably due to the lower 
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levels of elements present. 
As regards the wet and dry variants o£ a soil, high 
levels of Al, Si, Mn 1 Fe and Zn were extracted from the upper 
horizons of the Io pro le compared with the wet Iw profile. 
The percentages o£ the total amounts of the elements 
present that are extracted are a more meaningful figure, and 
are given in Table 4.20 (oxalate) and 4.26 (pyrophosphate) 
For , Mn and Fe,the percentage extracted decreases with 
depth except in the Ok profile where there is a maximum 
percentage o£ Al and Fe extracted in the Bs and C horizons. 
For Si, the percentage extracted usually increases with depth 
to the B or C horizon, with less than 1% of the total Si 
content being extracted. 
-1 The amounts (kg ha ) o£ trace elements extracted by 
the two extractants from the chronosequence soils are given 
in Tables 4.19 (oxalate) and 4.25 (pyrophosphate). vari-
ation in amounts of extractable mate al with depth is f£-
erent the oxalate and pyrophosphate reagents. Represent-
ative plots of the data in Table 4.19 (oxalate) are given in 
Figures 4.13 to 4.16, and for data in Table 4.25 (pyrophos-
phate) in Figures 4.19 to 4.22. The main differences are 
observed £or the soi in the Ho to the Ah profiles. For 
these soils, variation with depth in the amount (kg ha-l crn-l 
horizon) of Al, Si and Fe extracted by oxalate, 
parallels the change in the amount o£ clay with depth 
(Figure 4.8). The amounts extracted increase with depth and 
with of the soil. For pyrophos extractable Al, Si 
and Fe, highest amounts removed are the upper hori-
zons (and par lels the variation in organic matter ( gure 
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2.2)) followed by a crease with depth in each pro 
The Ku and Ok profiles are relatively depleted of extractable 
Al, Si and Fe (both oxalate and pyrophosphate extractable) • 
Oxalate and pyrophos extractab Mn levels are highest 
in the Io and Ho pro respectively, and the levels 
decrease rapidly with both depth in the profile and with age 
of the profile (Figures 4.16 and 4.22). 
There is a marked depletion both oxalate and pyro-
phosphate extractab Mn in the Ha and Iw profiles (wet) , and 
extractable Fe in the Iw profile, compared with the drier Ho 
and Io profiles. This may be expla by the mob of 
both amorphous and organic bound Mn in the wet soi , and by 
a si cant weathering of Fe mine 
The amount of extractable Al, Si, Mn, Fe and Zn, to a 
depth of 0.38 m, is given in Table 4.19 (oxalate) and Table 
4.25 (pyrophosphate) for each profi Typical data is 
graphed in Figures 4. and 4.18 ( ate) and 4.23 and 4.24 
(pyrophosphate) . All elements showed a similar trend, namely 
an increase in both oxalate and pyrophosphate extracted 
ls, with soil , from the Ho to either the Io or Ah 
les. The amounts extracted then fall to ve low levels 
in most weathered soil profiles (Ku and Ok) . 
The perce of the total amount of e·lements, to a 
depth of 0.38 m, extracted by oxalate and pyrophosphate, is 
given in Table 4.21. The data follow the same trend depicted 
in 4 . 17 , 4 . 18 , 4 . 2 3 and 4 . 2 4 . Up to 9 • 0% (A 1) , 7 0 % 
(~m) and 65%(Fe) were extracted by oxalate, and 14% (Al), 17% 
(1111) and 51% (Fe) were extracted by pyrophosphate, showing 
that much of the extractable amorphous material is organic 
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bound. 
In the Iw profile, the percentage of Fe extracted is 
about two-fold less than in the Io profile. Although this 
difference is much less than the thirty five-fold decrease 
of Mn, it does show that amorphous forms of Fe have been 
removed in significant amounts from the Iw (wet) profile. 
(ii) Biosequence soils. The concentrations of Mn, Fe, 
Al and Si extracted from the two biosequence profiles are 
given in Tables 4.17 (oxalate) and 4.23 (pyrophosphate). The 
main feature of these results is the marked depletion of 
extractable Hn, Fe, Al and Si from the Pod Ah E horizon com-
pound with the Ah AB horizon. 
(iii) Toposequence soils. The concentrations of 
elements extracted from the toposequence soils are given in 
Tables 4.18 (oxalate) and 4.24 (pyrophosphate). Trends for 
both extractants are similar, and horizons in both profiles 
with highest levels of extractable Al, Si and Fe coincide 
with horizons of maximum organic matter accumulations (Table 
2.3). There is a marked decrease of extractable Fe in the 
L.F.S. profile compared with the Crest profile, suggesting 
that poorly ordered forms of Fe have been washed out of the 
L.F.S. profile. 
DISCUSSION 
The main features of the results outlined above, and 
the results of different soil forming processes will be 
discussed for each of the soil sequences studied. 
For the soils of this study, the range of levels of 
trace elements found are in accord with the range of levels 
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given in Table 3.1 for typical concentration ranges of 
elements in soils. 
The results found for the soil sequences studied are 
in agreement with the descriptions of the sequences as a 
chronosequence, a biosequence and a toposequence. 
1. Chronosequence soils 
(i) Mineralogy. The effect of weathering on a soil is 
most marked on smaller sized particles, because they have 
larger surface areas per unit mass. Consequently the effects 
of weathering should be more evident in the clay fraction of 
soils, and it could be expected that the mineral composition 
of the finer and coarser grained fractions of the soil would 
differ. Also, the duration of weathering will affect the 
mineral composition of soils, as is seen in the chronosequence. 
In the chronosequence the effect of weathering is evid-
ent in a change from rock forming minerals, such as quartz, 
feldspars and micas, found in the coarser fractions of the Ho 
soil, to minerals such as illite, vermiculite and inter-
layered hydrous micas (at about 5 to 10% levels), as well as 
chlorite and amorphous minerals including allophane, in the 
. 20 21 Ku and Ok prof1les ' . The Io and Ah profiles exhibit 
mineralogy midway in the weathering sequence. 
Feldspars, which are present in 30 to 40% quantities 
in the young chronosequence soils, have weathered in the older 
soils (Ku and Ok) and constitute less than 5% of the soil. 
The proportion of quartz on the other hand, a resistant 
primary mineral, has increased from 30 to 40% in the Ho and 
. 20 21 Io profiles to 70 to 90% in the Ku and Ok prof1les ' . 
The greater proportion of Ti found in the oldest Ku 
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and Ok soils may be accounted for by the resistance of the 
minerals anatase and rutile to weathering8 ' 122 , 123 . Both 
these Ti minerals were detected in the older chronosequence 
soils ln the present study using X-ray diffraction, and also 
20 by Campbell . A close correlation (significant at the 0.10% 
level - Table 4.27) exists between total Ti and total Si in 
the soils, which ~auld support their continued existence 
together. Vanadium was also found to accumulate in the older 
soils, and this element has a high positive correlation coeff-
icient (0.10% level) with Ti in the clay fractions of the soils. 
This correlation does not extend, however, to a positive corre-
lation between V and Si in the total soil, in fact a highly 
significant (0.10%), negative correlation occur~ and there is 
no significant correlation (>5% level) between total Si and 
clay V. The relevant correlation coefficients given below are 
taken from Table 4.27. It should be pointed out that the 
correlation coefficients were obtained using concentration data 
(~g g-l) for each horizon of the chronosequence soils (Ho, Io, 
Ah, Ku and Ok). 
clay Ti 
clay V 
total Si 
total Ti 
total V 
clay Ti 
0.812 
0.749 
0.705 
-0.201 
clay V 
0.303 
0.600 
0.331 
total Si 
0.555 total Ti 
-0.657 0.101 
The lack of mobility of Ti has been well demonstrated 
from the results in this work. For example, it was found that 
within any particle size fraction (Table 4.2A), Ti concentra-
tions were approximately uniform down a profile, whereas a 
more mobile element would have been leached from upper hori-
zons. It was further shown that increased levels of Ti (and 
V) in the oldest soils (Ku and Ok) (Tables 4.1 to 4.3) were 
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due to increased Ti (and V) concentrations in the clay 
f t . t t d t'l Berrow et a1. 54 rae 1ons, presen as ana ase an ru 1 e. 
suggested that the accumulation of Ti in the clay fraction of 
some Scottish soils was achieved by a process of physical 
disintegration of anatase and ilmenite present, with subsequ-
ent dissolution and reprecipitation as clay sized anatase. 
It could be that a similar process occurred in the chrono-
sequence soils of this study. 
Anatase and rutile are two of the minerals that have 
been proposed as index minerals for evaluating changes that 
d d . 'l f . 122 occurre ur1ng sol ormat1on . It is generally assumed 
that these titanium minerals are almost unweatherable due to 
the low solubility of Tio 2 and its immobility
8
'
123
. The data 
presented in Table 4.15(C) shows that in the chronosequence 
Ti is the most resistant element to weathering of those 
determined, more so than Si. 54 However, Berrow et al. states 
that there is good evidence for a limited mobility of Ti 1n 
environments characterized by intense leaching over long 
periods of time. In a study of the use of quartz, Zr and Ti 
as weathering indices in four Canadian soils, Sudom and 
St. Arnaud124 also found that Ti was subject to limited 
mobilization. 
(ii) Resistance of the transition metals to leaching. 
With an increase in soil age there is a distinct tendency for 
the concentration of elements in the whole soil, sand and 
silt to increase to the Io or Ah profiles, and then decrease 
to the Ku and Ok (oldest) profiles (Table 4.3A). In the clay 
fraction however, although Mn, Fe, Co, Ni, Cu and Zn continue 
to follow this trend, Ti, V and Cr do not, with Ti and V concen tra-
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tions rising, and Cr concentrations remaining constant. Both 
Ti and V, in the clay fractions, correlate negatively with 
the other elements, suggesting a chemical difference to the 
other elements. This difference is most likely related to 
resistance to weathering. The appropriate correlation coeff-
icients, taken from Table 4. 27, are; 
Clay [ Ti v Cr Mh Fe Cb Ni cu Zn] 
Clay Ti 
Clay V 
Clay Cr 
1.00 0.812 0.891 -0.380 -0.510 -0.388 -0.523 -0.556 -0.272 
0. 812 1.00 0.608 -0.065 -0.037 0.028 -0.177 -0.259 0.005 
0.891 0.608 1.00 0.549 0.669 0.654 0.533 0.403 0.388 
In the whole soil, Ti correlates_negatively with the 
other elements except Si and V. All elements except Ti and 
Si show strong intercorrelations (Table 4.27). It appears 
therefore, that of the transition metal ions studied they 
fall into two groups, one consisting of Ti, V and to a lesser 
extent Cr, and the other of Mn, Fe, Co, Ni, Cu and Zn. 
This segregation is not unexpected as it is typical 
of the division between the left hand and right hand side of 
the transition metal series. The elements Ti, V and to a 
lesser extent Cr, all form relatively strong bonds with oxygen 
(>600 kJ mol-l for Ti and V), and are much less likely to 
occur as free ions in the soil than the elements on the right 
of the transition metal series. Hence, one could expect the 
Ti, V (and Cr) species in soils to be more resistant to 
weathering and less mobile. A similar relationship between 
Ti, V and Cr was discovered in the Fe-Mn concretions discussed 
in Chapter 6. 
While Ti, V and Cr have been considered as relatively 
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immobile as a soil ages, the other rst row tion 
metals are considered as mobi especially with soil aging. 
In young unweathered soils (such as Ho) the major part of the 
total content of many of these trace elements occurs locked 
up in the crystal lattice of the primary minerals. This is 
supported by the relatively low percentage of oxalate extract-
able material in the young Ho soil, but as the soils age and 
weather, a r proportion of the trace elements are 
extracted,having been released from the minerals (up to the 
Ah soil). The released elements may be taken up by micro-
organisms or plants, or remain partly in the soil solution in 
an ionic or combined form, or bound with differing ten ty 
to exch sites of ay parti , or be re-immobilized. 
For the more mobile elements (Mn, Fe, Co, Ni, Cu and Zn), the 
low pH and longer duration of exposure to rainfall of the 
older chronosequence sites tends to destroy the clay p cles 
they bind to, lowing transport down, and out of, the pro-
file. The great nobility of Mn in wet condi ons is ar from 
the comparison of levels in the wet and dry variants of 
the soils. 
(iii) Extvaatable trace elements. Extractants such 
as ammonium oxalate and sodium pyrophosphate are o used 
to differentiate secondary minerals ,-products of weathe ng, 
t\ 
and to help in determining soil forming processes which have 
been important in soil genesis. 
The trends found for both oxalate and pyrophosphate 
extractions show an increase in poorly ordered of Al, 
Si and Fe with soil age from Ho to Ah, llowed by a decline 
in the Ku and Ok soi This is in agreement with the 
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extractable Al levels in a chronosequence of soils developed 
on alluvial and morainic deposits from the Franz Josef Glac-
. 
125 h' h 1 h. h k '1 h ld rob 1er , w 1c a so as t e 0 so1 as t e o est me er. 
The results of oxalate and pyrophosphate extractions 
are similar in most cases, and from regression analysis 
involving the oxalate and pyrophosphate values for Al, Si, Fe 
and Mn, most pairings of these variables have highly signi 
cant correlations (Table 4.27)i 
pyro Al pyro Si pyro Mn pyro Fe 
oxal Al 0.782 0.517 0. 309 0.648 
oxal Si 0.404 0.090 -0.080 0.237 
oxal Mn 0.471 0. 751 0. 800 0 .5 76 
oxal Fe 0.753 0.587 0.405 0.663 
The amount of extractab elements Al, and Fe (by 
oxalate and pyrophosphate) increases with age to the Ah pro-
le, and to the Io profile for ~m, reflecting increasing 
development and breakdown of primary minerals. By the time 
the Ok soil has developed however, extractable Mn has been 
virtually removed from the profile (Figure 4.16) as well as 
much of the extractable Al, Si and Fe. It is notable that 
there is an increase in extractable Al, Si and Fe with depth 
in the Ok profile, to maximum values in the Bs and C horizons, 
and that a gnificant proportion of the total amounts of the 
elements (Table 4.26) are pyrophosphate extractable (10% of 
the Al and 41% of the Fe) . It appears therefore, that there. 
has been a movement down the profile, in the older soils, of 
considerable amounts of Al, and Fe as water soluble organ-
ic compounds. Presumably at some later stage these extract-
able levels will drop lower. 
It is generally recognised that the clay and organic 
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matter fractions are responsible for most of the cation 
h · 2 , 6 (C h f . h exc ange capac1ty .E.C. - t e amount o cat1ons t at a 
soil can hold when a salt solution (ammonium acetate) 
leached through a soil) . The correlation coefficients of 
C.E.C. with organic matter (L.O.I.) and% clay are 0.703 and 
0.549 respectively, both highly signi ant. 
Correlation of C.E.C. with the concentrations of trace 
elements in the whole soil and clay fraction (Table 4.27) 
produced few significant correlations. Total Cu correlated 
at the 1% level, and this is discussed later. The other 
signi correlations were with the Ti, V and Cr concen-
trations in the clay fractions - the correlations were negat-
ive and significant at the 5%, 1% and 5% levels res ly. 
This suggests that metals Ti, V and Cr in the clay 
fractions are not in a cation exch able form, and are in 
fact ting the exchange ab i of the clay. 
The correlat coefficients und between C.E.C. and 
e le levels of some elements (Tab 
follOWSi 
pyro pyro pyro pyro oxal oxal 
Si Si Mn Fe Al 
4. 2 7) are as 
oxal 
Mn 
oxal 
Fe 
oxal 
Zn 
C.E.C. 0.451 0.545 0.884 0.552 0.222 -0.205 0.693 0.357 0.337 
The correlation of C.E.C. with oxalate extractable Mn, Fe and 
Zn are significant at 0.1%, 5% and 5% levels respectively, 
while correlations with pyrophosphate extractable Al, Si, 
Mn and Fe are signi cant at the 0.1% level (1% level Fe) . 
In a previous s 20 of the chronosequence soils it was 
shown that the organic matter fraction makes four times 
contr ution of the fraction to C.E.C. of the Ho, Io 
and Ah soils, but that in the gley podzols (Ku and Ok) the 
contribution of the clay is twice that of the organic 
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fraction. This is probably why the pyrophosphate levels of 
elements shown above correlate more significantly with C.E.C. 
than do the oxalate levels, since it is the amorphous organic 
portion of elements that is extracted by pyrophosphate. 
The data in Table 4.16 indicates that a podzolization 
process is taking place in the Ah profile. The characterist-
ic process ~n podzolization2 ' 58 is the dissolution of Fe and 
Al from the A horizon, and their deposition in a lower hori-
zon, in this case the AB horizon for Fe, and the Bsl horizon 
for Al. This is also in association with the movement and 
deposition of organic matter. As was portrayed in Figure 2.2, 
the maximum organic matter content of the Ah profile, in 
contrast to the other profiles, is not the surface horizon, 
but the AB horizon. The greater movement of Al down the 
profile suggests the Al organic compounds are more mobile 
than the Fe compounds. Further weathering would continue 
the podzolization process in the Ah profile, leading to a 
more eluviated A horizon, and a B horizon more enriched in Fe 
and Al. Similarly, the Io profile could be expected to devel-
op the characteristics of a podzol by the time its development 
had reached the stage of the Ah profile. 
The present results also suggest that a substantial 
portion of the organic matter in the chronosequence soils is 
bound up in metal complex forms (i.e. bound to cations and 
hydrous oxides of Al, Fe and Mn). The evidence for this is 
that highly significant correlations (0.10% level) occur 
between pyrophosphate (organic bound) Al, Fe, Mn and Zn, and 
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loss on ignition values. It is likely that organic complexes 
have played a significant role in the removal of Al, Fe and 
Mn from the eluvial horizons during such soil forming pro-
cesses as podzolization which is occurring in the Ah profile. 
It was noted in the results section that Cu concentrat-
ions in the silt and clay fractions of surface horizons are 
often high. This may be attributed to an association of Cu 
with organic matter in the surface horizons, especially as 
there is a significant correlation between total Cu and loss 
on ignition values. Surprisingly however, levels of pyro-
phosphate extractable Cu were very low to zero. It has been 
shown that Cu has a strong interaction with soil organic 
matter95 , 96 , and that the Cu-fulvic acid stability constant 
is high (log of stability constant is 8.7 at pH s.or 7. This 
1s also supported by the significant correlation (1% level) 
between total Cu and C.E.C. (Table 4.27) since cation exchange 
capacity depends mainly on the levels of organic matter 
present. It is possible therefore, that the Cu complexes are 
too stable to enable pyrophosphate to extract the metal. 
Another soil forming process which is important in the 
chronosequence profiles is gleying, where impeded drainage 
leads to anaerobic conditions involving the reduction of Fe 
and Mn oxides to the mobile divalent cation state 2 . Swaine 
and Mitchell11 , in a study of Scottish soils, found that in 
poorly drained soils the level of extractable (acetic acid) 
Mn, Co, Ni, Cu and Zn is markedly higher than in similar 
freely drained soils, particularly in the soils derived from 
rocks with high contents of ferromagnesian minerals. They 
found that impeded drainage may in some cases mobilize up to 
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50% of the total content of an element, and that the effects 
of other pedological processes, such as podzolization were 
minor. 
In contrast, data from the present study (Table 4.21) 
show that in the wetter Ha and Iw profiles, oxalate and pyro-
phosphate extractable levels of Mn are reduced compared with 
the more freely drained Ho and Io profiles. Extractable 
levels of Fe are also lower in the Iw profile, but are higher 
in ,the Ha profile. The higher extractable levels of Fe in 
the Ha profile is probably indicative of mobilization, and 
imminent translocation, as the young age of the Ha soil has 
not yet permitted movement of mobilized Fe. 
From Table 4.21, it can be seen that 70% of the total 
Mn, to a depth of 0.38 m, is oxalate extractable from the Io 
profile, as is 29% from the Ho profile. There are a thirty 
five-fold and a two-fold reduction in oxalate extractable 
levels of Mn from the Iw and Ha profiles (less for the young-
er Ha soil which has had less weathering) illustrating the 
high mobility of Mn in such profiles. Also, from the Io to 
the Ah profile there is a five fold decrease in extractable 
Mn, so that in the chronosequence of the present study, it 
appears that the effect of podzolization, in the Ah profile, 
is significant compared with the effect of impeded drainage 
or gleying. The differences between the extractable levels 
of elements in the Io and Ah profiles, and the Scottish soils 
studied by Swaine and Mitchell, are probably due to the 
different extractants used, and more particularly, the age 
difference of the soils - the Scottish soils are 12,000 years 
old, considerably less than the Io and Ah soils, in which 
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podzolization is probably more advanced. Podzolization of 
the Ah profile has resulted in the mobilization of 65% of the 
total Fe (Table 4.21}. 
The ative mobility of ~m and Fe in gleying condit-
ions has been discussed in detail in Chapter 3. The Iw 
profile is weakly gleyed, while the Ha profile is even more 
weakly gleyed. Although the Ah profile does not have gleyed 
conditions, by the soil development has progressed to 
that the Ku and Ok profi , gleying has become intense as 
a result of low pH levels in upper horizons, removal of organ-
matter and elements, and loss of soil structure resulting 
in compaction. The resulting reducing conditions have led to 
mobi zation of elements, and so have produced the very low 
extractable values observed in the oldest ls. 
2. Bios soils 
The most striking ature of the two biosequence 
profiles, in terms of the concentration of elements, is seen 
in comparing the two horizons directly above the Bs horizon 
of profi , namely the AB horizon in the Ah profile, and 
the E horizon in the Pod Ah profi In the clay £raction 
(Table 4.7) the significant differences are in the elements 
V, Mn, Fe and Zn, which all have lower values in the Pod Ah E 
horizon. ve -fold decrease Fe levels from the AB to 
the E horizon is the most notable change. Similar trends 
occur for the whole soil (Table 4.8). 
When oxalate and pyrophosphate extractable levels are 
considered (Tables 4.17 and 4.23), even more marked di rences 
occur between AB and E zons of these pro s. For 
Iv1n, Fe, Al and Si, the E horizon has a notab reduction 
the amounts of both oxalate and pyrophosphate extractable 
elements. 
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These changes show that the soil of the Pod Ah profile 
is at a more advanced stage of podzolization compared with 
of the Ah profile. Since the only distinguishable 
difference between the two sites is a beech tree adjacent to 
the Pod Ah site, it confirmed that the presence of beech 
trees speeds up the podzolization process of soils, and 
the large beech population of the Reefton area has had a wide-
spread effect in the sis of podzo zed soils there 20 • 
Since the soils of the Ku and Ok profiles have lost structure, 
it is likely that beech trees would have been involved in the 
podzolization of these soils at an earlier stage, though there 
was no evidence of recent tree growth. 
As discussed in Chapter 3, the presence of beech trees 
reduces surface pH to below 4.5, concentrates rainfall, and 
increases the supply of organic ates from both decaying 
litter, and by aching from the canopy during rainfall, about 
individual trees. 
Data the two pro les of the toposequence (Tables 
4.9 and 4.10) show the concentration difference of Fe in the 
two les is the most marked difference. In the freely 
ained Crest profiles, podzolization processes have d to a 
depletion of Fe in the E horizons with an enrichment in the 
illuvial Bhs horizon. Oxalate and pyrophosphate extractab 
data (Table 4. and 4.24) support this suggestion. In the 
poorly L.F.S. iles the Fe has also be removed 
from r horizons. Thee le data for Fe in this 
profile suggest that most of the mobilized Fe has already 
been removed from the profi It would appear therefore 
that soil development is at a more advanced stage in the 
L.F.S. pro le. In the B horizons of both profiles, but 
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especially in the L.F.S. there an accumulation of humus 
material (Table 2.3), which has probably been involved in 
the transport of iron upper horizons, down the profile. 
Podzo zation of both profiles has also been hastened by the 
close proximity (1 m) of beech trees to both profi 
(Chapters 1 and 2) . 
sites 
The higher Mn and Fe values for the Cr horizon of the 
L.F.S. and the Bs and Bw pro les of the Crest profi are 
due to a lithic discontinuity at these points in each profile, 
where underlying material is of a different gin (morainic) 
to wind blow loess above 25 . The morainic material 
coarser and therefore not weathered at the rate that the 
upper horizons have. 
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CHAPTER 5 
AN ASSESSMENT OF ANALYTICAL METHODS 
An analysis of silicate materials by wet chemical 
methods is usually carried out in two steps. Firstly, the 
sample is decomposed, either by acid dis ution or by fusion. 
In the latter case the melt leached with water or inorganic 
acids. Secondly, the concentrations of the elements present 
in the resulting solution are determined. For this stage, a 
wide range of methods are available from classical gravi-
metric and titrimetric methods, to modern instrumental 
techniques. Alternatively, analysis may be carried out on 
the dry mate making use of instrumental techniques 
the solid state. 
In this chapter a comparison is made of some methods 
of wet chemical decomposition of soils for subsequent analy-
sis. Of the three methods studied experimentally (namely 
hydrofluoric acid-perchloric acid digestion, lithium meta-
borate fusion, and sodium carbonate fusion), the hydro uoric 
acid-perchlor acid digestion was und to be the most 
suitable for soil decomposition. 
Also a comparison is made of atomic absorption spectra-
scopic analyses on solutions obtained by wet chemical decom-
position soil samples with X-ray fluorescent analyses of 
solid samples. The relative suitability of these two 
methods for soil analysis is asses 
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INTRODUCTION 
1. Soil composition 
(i) Silicates. The major silicate components found 
in a soil include silica (Si02 ), ldspars (for example, 
orthoclase (KA1Si 3o 8 )), and clay minerals (such as the mica 
muscovite (K2Al 2si6Al 4o20 (0H) 4 ), and kaolinite (Al 2si 2o 5 (0H) 4). 
Silicates contain tetrahedral 'Sio4 • groups linked 
together in a number of ways by oxygen bridges to form chain, 
sheet, ring, and three dimensional structures. An example is 
the [Sio3
2
-Jn chain structure of the pyroxenes. 
In order to decompose these structures it is necessary 
-1 to break some of the strong covalent Si-0 bonds (799 kJ mol ) 
and thereby reduce the polymerization which a reason 
the insolubility of s icates. That macromolecular structures 
exist in the fusion melts is indicated by the high viscosity 
and the tendency of the melts to form glasses on cooling. 
(ii) Oxides. In addition to the s icates, oxides 
such as Fe 2o3 , Mn0 2 , and Tio2 exist in soils, and these need 
to be taken into solution if the metal ion concentrations are 
to be measured. This is particularly important in trace 
metal analysis as many metal ions are incorporated into the 
structure of the major oxides (seep. 49). This may be 
achieved by attacking the oxide with a reagent that replaces 
the oxide ion with another ligand, such as the fluor ion, 
producing a more soluble material. Alternatively, the metal 
ions could be oxidized to produce soluble, usually oxy-anion, 
sa 
4 
WET CHEMICAL ANALYSIS 
1. Sodium carbonate fusion 
In the breakdown the macrosilicate structure the 
oxygen bridges have to be broken; this would be achieved 
according to the reaction; 
[ :::- Si -
_ 2 _ melt 1 0 - Si - ]n- + 0 2[ - Si - 0 
n+2 
-
, I 
The sodium oxide would be produced at the temperature of the 
0 
melt (1000 - 1200 C) from the decomposition of sodium carbon-
ate. The sodium oxide would probably dissoc to give 
oxide ions; 
+ 2-
2Na(1) + o (!) + co 2 (g) 
which, in the melt, exist sufficiently long to react with the 
silicates. Another source (minor) of the oxide ion is the 
metal oxides already present in the so As a result of the 
breakdown of the polymeric substances, water or acid soluble 
species are formed. Trace metal ions incorporated in the 
silicate structure are also released and go into solution. 
It is c 1 therefore, that it is necessary to achieve com-
plete decomposition if a total analysis is required. 
The completeness decomposition of a sample 1 using 
Na 2co 3 fusion, depends on the size of the particles in the 
sample, the duration of the ion, and the temperature used. 
High temperatures (1000 - 1200°C) are necessary to allow for 
the reactions between ids and the melt to be rapid. Most 
sil s rich in Al, and minerals such as beryl (Be 3Al 2si6o18), 
zircon (ZrSi0 4), and titanite (CaTiSi05 ) are decomposed with 
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difficulty, and some will often remain in the solid melt. 
A number of workers126 - 128 have used Na 2co3 fusions to 
d '1 1 B t k' t 1127 d . d ecompose soL samp es. ora yns L e a . etermLne Mn, 
Cu and Zn in solutions obtained by the decomposition of a 
soil by a) HF digestion, b) Na 2co3 fusion, and c) aqua regia 
digestion. They obtained similar analytical results when 
using HF digestion or Na 2co3 fusion. Aqua regia apparently 
did not completely remove Mn and Cu from the soils. On the 
other hand, Terashima128 investigated the analysis of man-
ganese concretions for Mn, Fe, Co, Ni, Cu and Zn, using the 
same methods, and established that, A.A.S. analysis gave a 
satisfactory recovery of the elements. 
A number authors~' 130 -133do not recommend Na 2co 3 
fusions for soil decomposition when analyzing Co, Ni, Cu 
and Zn. Jeffery130 considers that the large amount of Na 2co3 
required is excessive, and can lead to contamination problems. 
Jeffery, and others 39 ,lJO-lJ~have instead suggested a scheme 
for transition metal analys using HF digestions. 
Bosch et a1.131 used HF - H2so4 digestions and Na 2co3 
fusions for decomposition, followed by atomic absorption 
analysis for Fe, Mn, Ca, Mg, Na, K, and Al. They found that 
the excess alkali metal introduced in the fusion reduced the 
analytical precision for Ca and Mg. The results for Mn were 
similar by both methods, but they preferred the acid digestion 
for the remaining elements. 
Platinum crucibles are commonly used so decom-
position procedures. During a Na 2co3 fusion, the crucible is 
corroded130 , 132 to some extent by the Na 2o produced from the 
thermal dissociation of the Na 2co 3 ; 
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+ + 
The corrosion is more pronounced for materials containing Fe, 
particularly Fe(II). Staining of the platinum crucibles by 
Fe occurs,suggesting reduction to metallic Fe with subsequent 
alloying to the platinum. The iron can be removed by either 
repeated extractions with hot concentrated HCl or by fusion 
•th d. l h 10 f 1 . 132 b Wl so lurn pyrosu p ate. Up to mg o p atlnurn may e 
removed from a crucible in a single Na 2co 3 fusion of a sample 
containing iron. The amount of platinum lost fusions 
with LiB02 on similar samples, was around 0.01 mg per fusion, 
while for a HF-HCl04 digestion, even less platinumwas removed. 
Nickel, copper, and zinc have been detected132 on the 
internal sur of platinum crucibles by X-ray fluorescent 
analysis, after Na 2co 3 fus of soil samples. These metals 
may so alloy with the platinum, or isomorphously replace 
alloyed Fe. The metall radii of these ements are all 
similar (126, 125, 125, 128 and 137 pm for Fe, Co, Ni, Cu 
and Zn respectively) and lie within 15% of the radius of Pt 
metal (139 pm). Also, these elements have some chemical 
similari to Pt, as they all occur to the right hand side 
of the transition metal period. 
Lithium metaborate fusion 
A principal goal of the analysis of s icate minerals 
is development of a procedure which allows the rapid 
analysis of major elements, including Si, in a wide range of 
samples. 134-137 To this end, several groups have developed 
a LiB0 2 fusion followed by the A.A.S. method analysis. 
The procedure involves, as for Na 2co 3 , routine fusion 
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followed by dissolution of the melt. In the LiBo2 fusion 
method there is no need to filter the silica at any stage; 
this is an advantage over the Na 2co 3 fusion method. The 
LiB02 fusion has also been used in the preparation of constant 
133 background discs for X-ray fluorescence . 
The fusions, normally carried out in platinum crucibles, 
require free access to oxygen, otherwise Fe, Co, Ni, Cu and 
Zn, and possibly other metals, are likely to be reduced and 
alloy with the platinum132 . 
The analytical determinations should be carried out as 
soon a preparation as possible, because on standing, 
silicate spec precipitate and these may remove trace metals 
f l . b . . . b . 136 rom so utlon y co-prec1p1tat1on or a sorpt1on 
d d . 138 d d '1 k l Barre o an D1ez ecompose Sl ate roc samp es 
by fusion with a 1:1 mixture of lithium carbonate and boric 
oxide, and analyzed for major elements, and Mn, Fe and by 
A.A.S. Some authors 139 ' 140 have used strontium metaborate as 
the fusion material for rock, soil and ore samples. In 
h 141 f h . . . l f . f . k anot er report , a ter t e 1n1t1a us1on o s 1cate roc 
samples the melt was dissolved in fluoroboric acid (HBF 4) 
instead of the usual dilute HCl or HN0 3 • 
3. Hydrofluoric acid digestion 
The alternative to decomposition by fusion is acid 
digestion. Hydrofluor ac is the most commonly used acid 
the dissolution of silicate minerals. Hydrofluor acid 
is a weak acid (pK = 2.9 in O.SM NaCl0 4) and its use as a 
solvent is related to the coordination properties of the 
fluoride ion. The fluoride ion forms a number of stable 
8 
complexes, especially with elements in high oxidation states, 
such as zr 4+, Ti 4+, A1 3+ and Fe 3+. 
The reaction between HF and s icates produces 
initially, hexafluorosilicic acid, H2s 6 , which decomposes 
to SiF4 above 200°C. 
Si02 (s) + 6HF{aq} 
200°C 
+ SiF4 {g) + 2HF(g) 
Hydrofluoric acid is the only acid that achieves this type 
of decomposition of sil ates. The removal of the gaseous 
SiF4 leaves the solutions free of silicon. 
Hydrofluoric acid can be used alone for sample dis-
solution or in admixture with strong acids such as HCl0 4 , 
1 d . 133 H2so4 , HC , HN0 3 , an aqua reg1a . These acid mixtures 
achieve simultaneous destruction of the crystal ices of 
silicate and non-silicate minerals, thereby releasing trace 
elements into solution. The strong acid added to the HF also 
aids in the removal of excess HF from the reaction by fuming. 
During the HF digestion of alumino-silicates, insoluble 
fluoride complexes (such as NaAlF 4 .xH 2o and MgAlF5 .xH 20) can 
precipitate. The use of a strong acid (such as HClo 4 or 
H2so4 ) wi HF helps to remove the fluoride from such com-
plexes, which can cause interference in subsequent A.A.S. 
determinations of many metal ions142 including Ti(IV), Al(III), 
and Fe(III). Often however, these complexes cannot be 
destroyed even after repeated evaporations using HClo4 or 
H2so4 . In a digestion of a German rock standard (Slate TB) 
with a HF-HC104 mixture, a complex fluoride, very similar 
119 
in structure to the mineral ralstonite Na(Mg,Al) 6 (F,OH} 18 .3H2o 
was isolated from the residue 133 . Chemical analysis of the 
residue, which contained negligible amounts of the original 
rock, yielded fluoride levels up to 48%, and Al levels up to 
20%. Other major elements sent in the residue were Fe, 
Mg, Na, and K. 143 It has been shown that sparingly soluble 
complex fluorides dissolve in concentrated solutions of 
aluminium salts or boric acid solutions. 
During the decomposition of samples with HF there 
the possibility of a s of certain elements by formation 
of volatile fluorides. For example and subl at 
-37 and -95°C respectively, and BF 3 and AsF 5 have boiling 
points of -100 and -53°C respec ly. The volatil of 
SiF4 and its removal is a major reason for the use of HF 
digestions of silicate samples. However, it is important to 
maintain a low temperature when fuming off SiF4 and HF, ln 
order to minimize the loss of other elements. A closed system 
avoids this problem and can be used the determination of 
'1' 144 Sl lCOn . 
Extensive use has been made of the HF digestion in 
1 and rock analysesl27,128,133, 9,144-146 Langmyhr and 
Paus 144 discussed the application of HF digestions, followed 
by A.A.S. analysis, to inorganic siliceous materials of geo-
logical origin. One investigation146 of the relative 
ficienc of three digestion methods for geological samples, 
advocated the use of HF-HN0 3 digestion, lowed by A.A.S. 
analysis, when analyzing Co, Ni, Cu, and Zn. 
Use of a clos system enables higher temperatures 
and pressures to be us 133,147 Under these conditions the 
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reactivity of the acids increases and res tant solid phases 
are dissolved, while the whole procedure is speeded up. 
4. Other decomposition techniques 
The three wet chemical decomposition methods discussed 
above have been studied in the present work. However, there 
is a diversity of.decomposition methods in the literature 
and some of these are 1 in Table 5.1. The choice of a 
particular method depends to some extent on the samples 
themselves and the type of analyses required. In th 
section br comments are made on some of the methods. 
The almost universal solubility of perchlorates 
(except perchlorates of K, Rb, and Cs} is an advantage in 
using perchloric acid for decomposition. However, contact of 
the boiling, concentrated acid, or hot vapour, with either 
organic matter or eas 
to explosions 148 . 
oxidized inorganic matter, can lead 
The technique of sintering 149 ,l50 Na CO has many 2 3 
advantages, overcomes some of the drawbacks of the fusion 
method. The smaller to sample ratio (about 1.5:1} in 
sintering reduces the volumes of acids and other reagents 
added at subsequent stages, reduces the amount of sodium salts 
that have to be washed from precipitates, and results in a 
lower loss of platinum from the crucible and less contamin-
ation from impurities in the Na 2co3 . On the other hand 
must still be filtered off, and the lower tempeature and 
lica 
shorter heating 150 . . . k . . 1 1n s1nter1ng may rna e s1nter1ng ess 
effective at decomposing some minerals. 
143 Bernas developed the uoroboric ac (HBF 4 ) matrix 
to decompose silicates. When ic acid is added to HF, 
TABLE 5.1 
Method 
HF 
HF 
HF/strong 
acid a 
HCl 
HCl0 4 
NaOH,KOH 
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ition Methods Used in Soil and 
Mineral Analysis 
Description 
Digestion 
High pressure 
digestion 
Digestion 
Di stion 
Digestion 
Digestion 
Fusion 
Fusion 
Fusion 
Sintering 
Fusion 
Fusion 
Fusion 
Digestion 
Comment Reference 
Open system, 200°C 133,142 
300°C, over 10130 kPa 130,133, 
pressure 152 
Suitable for soil 130,142 
samples 
Suitable for carbonates 130 1 133 
Suitable fQr carbonatesl30,133 
and sulphides 
Forms soluble per-
chlorate salts 
Excessive salts added 
Quartz insoluble in 
K2S207 
Not recommended be-
cause of spitting 
Less contamination 
than fusion 
Attacks platinum 
Quick decomposition 
of soils 
130,133, 
148 
130,133 
1301 133 
130,133 
1491 150 
130,133 
134,136, 
137 
Efficient flux; cannot 130,133 
analyze for B 
Limits interference 
in A.A.S. 
141,143, 
151 
a Strong acids used include HClo 4 , H2so 4 , HCl, HN0 3 
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fluoroboric acid is produced according to the reaction; 
Excess fluoride in the solution is complexed by the boric 
acid, and insoluble fluorides are dissolved. Bernas was able 
to use glassware, over short periods of time without contam-
ination, in handling solutions because the hydrolysis of HBF 4 
is slow. Bernas did not attempt to prevent interference in 
A.A.S. by the addition of releasing agents, claiming his 
fluoroborate system eliminates interference effects. While 
this may be true for many silicates, it is unl ly to hold 
for the full range of silicate minerals that may be encount-
151 
ered. La Brecque analyzed for Al and Si in some 
Venezuelan laterites using fluoroboric acid, and found the 
analysis was free from interelemental interference. He also 
showed that good correlation existed between the results 
obtained from A.A.S. and from X.R.F. analyses. Saavedra et 
141 
al. used the same method on some silicate rocks and analyzed 
for the major and.minor trace elements. The solutions were 
stable and ionization effects were largely removed. Precision 
in the measurement of Ti (at 0.5% Ti02) was low. 
RESULTS AND DISCUSSION 
A selection of so s studied in this work were 
analyzed by three wet chemical methods, namely Na 2co 3 fusion, 
LiB0 2 fusion, and HF-HCl0 4 digestion. Two methods were used 
to evaluate and compare the three wet chemical methods. 
These were, a method similar to standard addition, and the 
analysis of International Rock Standards. 
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1. Evaluation experiments 
(i) Standard additions. The results of the method of 
standard additions to assess the HF-HClo4 digestion, and 
Na 2co3 and LiBo2 fusions, as methods for soil decomposition 
are given in Table 5.2. Two experiments were carried out; 
the first, denoted So, involved the addition of known amounts 
of trace elements -to five equal weight samples of the same 
clay in platinum crucibles. The samples were then digested 
with acid or fused, and subsequently A.A.S. was used to 
analyze the resulting solutions. One of the five clay samples 
just mentioned had no trace elements added. It was assumed 
that the A.A.S. signals obtained for each of the elements 
analy in the solution from this sample would also contrib-
ute to the signal obtained for each of the other four samples, 
to which known amounts trace elements had been added. 
Hence the A.A.S. signal each element obtained from the 
non-spiked sample was subtracted from the A.A.S. signal of 
each element in the four spiked samples, to give the absorp-
tion corresponding to the amount of each element in each 
spike. The amount of each element added was then determined 
with reference to standard solutions. The results reported 
in Table 5.2 are expressed as the percentage recovered. 
In the second experiment, denoted Sp, no soil compon-
ent was used. Known amounts of trace elements were added to 
platinum crucibles, followed by acid digestion or fusion. 
The A.A.S. results were treated as above, and percentage 
recovery is given in Table 5.2. 
The values listed in Table 5.2 are the mean ( ) of 
the percentage recovery of each element added in the four 
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TABLE 5.2 Evaluation of Wet Chemical Decomposition Methods 
Percenta.ge of Added Trace Elements Recovered a 
Method v Cr Mn Co Ni Cu Zn 
HF-HCl0 4-AAS 
Sob 102±9 101±5 79 ±4 92±2 93±4 94±7 97±6 
Spc 72±2 54 105±4 99 ±4 102±2 102±2 105±3 
LiB0 2-AAS 
So 89 ±10 10 3±4 83±4 86±5 67±2 52±1 94±1 
(2% La) 86 ±7 104±4 97±6 93±4 78±1 79 ±8 94±1 
Sp 79±11 97±6 97±2 104±11 99 ±7 94±1 101±2 
Na 2co3-AAS 
So(lM HCl)d 9 2±2 94±11 72±5 42±16 25±6 41±66 32±23 
So (6M HCl)e 104±7 100 ±5 84 ±6 46±49 34±41 7±14 57±32 
106 ±7 104 ±6 87±7 87±25 74±11 56 ±4 7 10 3 ±16 
a The uncertainty is the standard deviation of the mean of 
the percentage of material added in four spikes. 
b So soil sample + spike 
c 
= spike with no soil 
d (1M HCl} 1M HCl was used to wash the silica when 
filtering 
e (6M HCl) = 6M HCl was used to wash the silica when 
filtering 
spiked samples, and the standard deviation (a 1 } of the n-
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mean. The elements analyzed for were V, Cr, Mn, Co, Ni, Cu. 
and Zn. 
(a) Hydrofluoric acid digestion. The HF digestion, 
followed by A.A.S. analysis, achieves good recovery of Mn, 
Co, Ni, Cu and Zn for the Sp series of standard additions. 
Only partial recovery was achieved for V and Cr (Table 5.2). 
However, when the standard additions were made to a soil 
(that , the So series), good recovery was achieved for V 
and Cr. Added Co, Ni, Cu, and Zn are also recovered in the 
So series but only 79% of the Mn was. 
Since there is no silicon remaining in the solutions 
of the So series, the major contribution to the solutions 
from the soil sample is most likely aluminium. Aluminium 
may, therefore, be the cause for the improved recovery of V 
and Cr in the So series. To test this proposition solutions 
-1 
containing V (10, 20, and 30 ~g ml ) and Cr(3, 5, and 7 ~g 
ml-l) in 3M HCl, with and without added uminium (200 ~g 
Al ml-l), were analyzed. The absorption signals for V and 
Cr were higher bY, 37 and 12%, respectively, in the solutions 
containing Al, suggesting that the results for V and Cr in 
the series are low because of the absence of Al. An 
adjustment of 37% to the V results raises the recovery to 
100%, but Cr the adjustment only raises the figure to 
60% recovery. Since, the So series, all the Cr was 
recovered, it appears that a further factor is affecting the 
absorbance. This latter effect was not determined. 
In order to explain the low A.A.S. signals for V and 
Cr, one can consider ionization suppression or the formation 
of stable spec s in the flame, and how Al may remove these 
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interferences. The sum of the lst, 2nd and 3rd ionization 
potentials for Al, V and Cr are 5140, 4892 and 5301 kJ 
mol-l respectively, suggesting that the influence of Al is 
not as an ionization suppressant for Cr and only marginally 
so for V. 
A more fruitful explanation is in terms of the 
stability of the metal oxides (M2o3 ) in the flame. It is 
quite possible that in the nitrous oxide-acetylene arne, 
the oxides v2o3 and Cr 2o3 have sufficient stability to 
reduce the metal atom population. pne way of investigating 
this and to determine if there is an effect by Al is to 
calculate the lattice energies of the sesquioxides. The 
lattice energies can be determined using the thermochemical 
cycle shown in Figure 5.1 where ~Hf the standard enthalpy 
of formation, ~HA the standard enthalpy of atomization, 
~HD is the standard enthalpy of dissoc tion, ~HI is the 
standard enthalpy of ionization, ~HEA is the standard 
enthalpy of electron affinity, and ~HLE 
enthalpy of the lattice formation. 
~Hf 
the standard 
2M(s} 
l ~HA 
+ 
3 
2°2 (g) ----'> M2°3 ( s} 
1 ~HD 
2M(g) 30 (g) 
l ~HI 1 ~HEA ~HLE 
2M3+ 2-(g) + 30 (g) 
Figure 5 .l. The thermochemical cycle for the 
formation of M2o3 
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The lattice energy is given by 
Numerical values for these terms are given in Table 5.3. 
TABLE 5.3 Calculation of Latti a,b for 
the M2o3 Oxides of Al, V, and Cr. 
= 
455 -1674 -648 -747 -10 2 80 -2106 
-14 89 3 -1226 -1030 -747 -9784 -2106 
-15 380 -1131 -794 -747 -10602 -2106 
a All values are in kJ mol-l 
b Values for ~Hf from reference 153, all other values from 
reference 154. 
It can be seen from these results that the lattice energy of 
Al 2o3 is marginally greater (< 4%) than those for the V and 
Cr sesquioxides. Aluminium could therefore be acting as an 
effective releasing agent. 
lattice energies may 
Kapustinskii equation154 ; 
L .E. = 
2 
NAAe v z+z-
r +r (l 
+ -
so be calculated using the 
where NA, e, rr and have their usual values, v is the 
number of ions in the molecule, Z+ and z_ are the numerical 
values of the charges on the cation and anion,, r+ and r are 
the ionic radii in metres, and A is the Madelung constant. 
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Since the three sesquioxides have the same corundum 
structure 
155 
, A will be the same. Taking the ionic radii 
of Al 3+, v3+, Cr 3+ and 2- 50, 74, 69 and 140 0 as pm 
154 
respectively, and assigning n a value of 9 I the lattice 
energies, in terms of A, are shown in Table 5.4. 
TABLE 5.4- Theoretical Lattice 
Obtained Us 
Al 2o3 
-9756A 
Values 
The trend of these values is similar to that for the 
experimental data, and showsthat the lattice energy of Al 2o3 
is greater than the other two oxides (by 9-11%) . Th 
is because of the smaller ionic radius of the Al 3+ ion. 
(b) Lithium metaborate fusion. When using a LiB0 2 
fusion followed by A.A.S., there was complete recovery, in 
the Sp series, for all elements except V {(79±11)%, Table 
5.2). The low recovery for V may also reflect the absence 
of Al in the solutions analyzed. The recovery of the 
elements Co, Ni ~nd Cu in the So series was low at 86 
67±2 and 52±1 % respectively. An improvement was achieved 
when the solutions contained 2% La 135 , a releasing agent, 
but still 100% recovery for Ni and Cu could not be achieved. 
(c) Sodium carbonate fusion. Sodium carbonate 
fusions followed by A.A.S. analysis, on the series 
provided good recovery for V, Cr, Mn, Co and Zn, but Ni and 
Cu were poorly recovered (74 1 and 56±47 % respectively) 
(Table 5.2). The results for Co and Zn are so suspect due 
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to the high standard deviations of ±25 and ±16 % respective-
ly. While the percentage recovery of added V, Cr and Mn in 
the two So series was good, the results for Co, Ni, Cu_ and 
Zn were poor with a wide scatter, the standard deviations 
ranging from 6 to 66%. 
The silica filtered off, after taking up the melt in 
1M HCl in the So experiments,was taken into solution with 
HF-HClo4 digestions, and solutions ed for Co, Ni, 
Cu and Zn by flameless A.A.S. No Co, Ni, Cu, or Zn could 
be detected. Similar results were obtained for digestions 
of the silica from the So (6M HCl) experiments, except that 
the Zn levels were not determined due to s ficant levels 
being present in the glass fibre ter paper used. 
(ii) Analysis of International Rock Standards. 
Three International Rock Standards were analyzed, and though 
not str tly the same as soil they do contain same basic 
components. The three methods of decomposition were used, 
followed by A.A.S. analysis, and the results are listed in 
Table 5.5. 
In general,the three decomposition methods produce 
analytical results in agreement with each other and the 
repor values 156 . 
(i ) The decomposition metho applied to soils. 
In addition to the determination of the recovery of 
material, and analysis of the International Rock Standards, 
the three methods of decomposition were used on 
samples. 
ted soil 
The HF-HCl04 digestion and LiBo2 fusion methods were 
used for the analysis of the toposequence and Waterton soils, 
TABLE 5.5 Evaluation of Wet Chemical Decomposition Methods 
RESULTS ON THE ANALYSIS OF INTERNATIONAL ROCK STANDARDSa 
Method Rock Tic v Cr Mn Fe 
Standardb (%) I 
]Jg g-1 I (%) 
HF-HCl0 4-A.A.S. BCR-1 1. 48±0 .10 4 35 ±2 0 13±3 1517±50 9.65±0.30 
G-2 0.28±0.05 25±6 8±2 272±30 1. 90 ±0 .10 
AGV-1 0.68±0.05 114±10 13±3 79 0 ±40 4.99±0.20 
LiB02-A.A.S. BCR-1 1. 44 ±0. 10 431±10 9 ±4 1544±50 9.94±0.30 
G-2 0.29±0.05 5 8±10 10±6 2 42 ±20 1.79±0.10 
AGV-1 0.64±0.05 134±10 16 ±10 694±40 4.50±0.20 
Na 2co 3-A.A.S. BCR-1 
e 1346±90 8.54±0.30 n.m. n.m. n.m. 
G-2 n.m. n .m. n.m. 212±30 1. 32 ±0 .10 
AGV-1 n. m. n .m. n.m. 6 80 ±50 3.93±0.20 
Preferred BCR-1 1. 33 410 16 1471 9.46 
literature G-2 0.30 34 9 310 1. 87 values£ 
AGV-1 0.63 125 12 774 4.78 
a 
b 
c 
The uncertainty stated is the estimated experimental error. 
BCR-1 is a basalt, G-2 is a granite, and AGV-1 is an andesite. 
Ti concentrations determined colorimetrically. 
d 
e 
f 
n.d. = Not detected. 
n.m. = Not measured. 
See Reference 156. 
Co Ni Cu 
I ]Jg g-1 
33±8 8±2 24±6 
4±2 5±2 15 ±10 
14'±3 13±3 65 ±10 
40 ±8 15±4 n.d. d 
n.d. 5±1 15 ±6 
n.d. 13±3 59 ±8 
38±8 n.m. 11±10 
21±5 n.m. n.d. 
2 3±6 n.m. 33±10 
37 13 19 
6 6 11 
17 17 63 
Zn 
148±10 
94±10 
99 ±10 
143±10 
91±6 
92 ±6 
136±10 
59±10 
83±10 
120 
85 
84 
1--' 
w 
0 
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and the concretions (Waterton samples). The results are 
listed in Tables 5.6 to 5.9. The analytical results obtained 
are similar by both methods, although data for V are 30-40% 
lower using the HF-HC10 4 digestion as compared with the LiBo2 
fusion. Though less pronounced, V levels in the Internation-
al Rock Standards G-2 and AGV-1 were also lower using 
HF-HClo4 . The higher values obtained in the LiBo 2 fusion 
method were not explained. The Waterton soils and concretions 
had previously been analyzed Mn, Fe, Co, Cu and Zn by 
dh . 26 . f . Bu la 1 uslng Na 2co 3 uslon llowed by A.A.S. analysis. 
The results he obtained (Table 5.10) are in good agreement 
with those obtained in the present study, using HF-HClo 4 
d stion and LiBo 2 fusion. 
The Na 2co 3 fusion and HF-HC104 digestion methods were 
also us on clay samples obtained from fractionation I 
(p.209), and the results of some representative data are 
shown in Table 5.11 and 5.12. The analytical data in these 
tables are in good agreement with each other. 
(iv) Conclusions. 
(a) Standard additions. the standard addition 
experiments, the HF-HClo4 method is considered superior/ 
added lowed by the LiB02 fusion method. The recovery 
materials (in the presence of a soil component). after decom-
position and A.A.S. analysis, tends to be poorest for the 
elements on the right hand side of the f st transition metal 
ser (namely Co, Ni, Cu, and Zn), especially for the Na 2co3 
decomposition method. The reason could be that these are the 
elements most likely to alloy with the platinum of the 
crucible, as discussed on p.ll6. 
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TABLE 5.6 TOPOSEQUENCE 
Analytical Data for Ti, V, · Cr 1 · Mn 1 · Fe, Co, Ni, 
Cu ·and Zn us - A.A.S. 
SOIL AND Tia v Cr . Mn Fe Co Ni Cu Zn 
HORIZON ( %) llg g-1 l (%) llg g -1 
LFS Ar 0. 32 - 29 18 54 0.40 6 11 14 17 
Er 0.36 32 26 59 0.51 8 5 2 30 
Brs 0.57 65 44 78 0.94 8 5 5 46 
Bhrs 0.48 68 33 81 0.87 9 12 12 41 
Br 0.40 39 35 95 1.00 10 7 1 44 
Cr 0.31 41 30 232 1.83 11 18 4 65 
CREST E 0.22 17 7 35 0.30 5 8 8 14 
EB 0.31 163 21 51 1.67 6 0 3 26 
Bhs 0.41 68 36 69 3. 0 3 7 0 4 34 
2Bs 0. 39 52 44 95 2.78 8 11 10 58 
2Bw 0.35 39 34 151 2.66 12 10 6 54 
a Ti concentrations determined colorimetric ly 
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TABLE 5. 7 TOPOSEQUENCE 
Analytical Data for Ti,· V, Cr, Mn, Fe, Co, Ni, 
cu, and Zn using LiB02 - A.A.S. 
SOIL AND Tia v Cr J1.1n Fe Co Ni Cu Zn 
HORIZON (%) -1 ]Jg g (%) ]Jg g -1 
Ar 0.38- 74 5 42 0.40 n.d b 9 16 18 
Er. 0.41 80 18 55 0.52 n.d n.d 7 22 
Brs 0.5 3 105 47 73 0.81 n.d 13 34 55 
Bhrs 0.52 117 22 81 0.86 n.d 5 11 45 
Br 0.40 66 37 90 0.93 n.d 7 18 55 
Cr 0. 30 57 25 198 1.65 n.d 19 43 74 
E 0.22 57 5 38 0.25 n.d 25 28 30 
EB 0.32 83 20 39 1.50 n.d 4 15 27 
Bhs 0.42 94 24 70 2.44 29 37 c 62 n.m 
2Bs 0.41 86 36 105 2.78 n.d 3 15 70 
2Bw 0.40 96 44 155 2.65 n.d 17 35 76 
a Ti concentrations determined calorimetrically 
b Not detected 
c Not measured 
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TABLE 5.8 'YlATERTON SA14PLES 
Analytical data for Ti, V, Cr, Nn, Fe, Co, Ni, 
Cu, and Zn in Soil and Concretions Determined 
- A.A.S. 
SOIL AND Co Ni Cu Zn 
SOIL 
l Brs 0.43 87 39 0.38 4.93 29 n.d c 10 91 
2 Br 0.47 95 39 0.14 4.30 21 27 23 75 
3 Brsl 0.49 92 40 0.62 4.93 26 3 19 137 
4 Brs2 0.49 86 26 0.89 4.76 35 25 19 147 
CONCRETIONS 
l 
2 
3 
3 
4 
a 
b 
c 
d 
e 
Brs 0.34 70 22 5.52 9.59 224 38 18 218 
Br 0.41 130 36 3.65 8.43 222 162 85 160 
Brsl d 0.31 92 36 7.39 13.4 242 38 45 428 
Brs 0.29 92 16 8.10 15.4 229 76 147 543 
Brs2 0.34 110 30 6.62 10.8 184 52 58 446 
Soilsl, 2, 3, and 4 this thesis are the same as soils 
2-2 B1 , 3-l B2G, 3-2 B1nnC, and 3-2 B2GMnC in Budhia's 
26 
work . 
concentrations determined calorimetrically 
Not detec 
Concretion size: about 5 mm across 
Concretion size: about 15 mm across 
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TABLE 5.9 WATERTON SAMPLES 
Analytical Data for Ti,V,Cr,Mn,Fe,Co,Ni,Cu and Zn 
in Soils and Concretions Determined using 
LiB02-A.A.S. 
SOIL Ti v Cr Mn Fe Co Ni Cu Zn AND 
HORIZON (%) ug g -1 (%) pg g -1 
SOIL 
1 Brs 0. 4 4 101 13 0.33 4.10 20 0 27 69 
2 Br 0.46 115 34 0.14 3.64 20 -6 20 64 
3 Brsl 0.51 125 25 0.67 4.66 28 1 4 103 
4 Brs2 0.47 113 25 0.80 4.31 37 3 16 113 
CONCRETIONS 
1 Brs 0. 32 100 ndb 5. 39 9.78 226 34 23 178 
2 Br 0.37 12 7 39 3.55 7.85 222 212 66 167 
3 Brslc 0.31 104 22 7.74 12. 7 255 43 19 372 
3 Brsld 0.28 94 14 8.87 15.9 199 41 24 482 
4 Brs2 0.34 131 39 6.26 10.0 159 68 27 355 
a Ti concentrations determined colorirnetrically. 
b Not detected. 
c Concretion size: about 5 rnrn across. 
d Concretion size: about 15 rnrn across. 
TABLE 5.10 WATERTON SAMPLES 
Analytical Dataa for Mn,Fe,Co,Cu 
and Concretions - Na2co 3-A.A.S. 
SOILS AND Mn Fe 
HORIZON 
(%) 
SOIL 
1 Br2 0.42 3.72 
2 Br 0.13 3.46 
3 Brsl 0. 58 4.09 
4 Brs2 0.73 3. 91 
CONCRETIONS 
1 Brs 4.79 8.34 
2 Br 3.32 7.86 
3 Brsl b 7.62 11.4 
3 Brsl c 10.5 14.0 
3 Brs2 6.60 9.29 
a Data from Budhia26 . 
b 
c 
Concretion size: 5 rnrn across. 
Concretion size: 15 rnrn across. 
Co 
48 
21 
46 
44 
258 
243 
272 
278 
2 46 
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and Zn in Soils 
Cu Zn 
-1 ].lg g 
23 105 
33 91 
17 139 
33 158 
40 146 
77 195 
63 438 
52 679 
56 409 
TABLE 5.11 cal Data for Some as Determined 
by the Method of HF-HCl0 4-Digestion-A.A.S. 
SOIL AND v Cr Mn 
Ho Au1 0.72 192 100 2300 
Ha Ag 0~54 156 95 1610 
Ah Bs2 l. 21 188 65 348 
Ah Bs3 l. 27 191 90 410 
PodAh E l. 92 190 73 99 
Iw Cr2 l. 09 216 126 347 
Io Bsl 0.97 186 102 1190 
Io Bs2 0.81 146 97 2300 
Ku Cr l. 84 261 75 112 
Ok Brl 3. 01 346 90 137 
Ok Bs 2.41 334 97 114 
Ok c 2.15 274 156 126 
a 
b 
Ti determined co1orimetrica11y. 
nd not detected. 
Fe Co Ni Cu 
10.1 44 63 62 
7.39 35 47 40 
10 .l 14 28 24 
10. 3 16 24 53 
2.08 24 25 47 
9.31 17 58 102 
10. 4 21 29 39 
9.77 33 26 64 
1. 41 14 22 36 
1. 02 ndb 15 
7.29 nd 30 19 
1. 89 nd 19 16 
137 
Zn 
251 
153 
107 
118 
33 
193 
158 
132 
35 
21 
31 
32 
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TABLE 5.12 Analytical Data for some Clays as Determined 
by the Method of Na2co Fusion - A.A.S. 
SOIL AND Tia v Cr Mn Fe Co Ni Cu Zn 
HORIZON ]Jg g-1 -1 (%) (%) ]Jg g 
Ho Aul 0.68 250 124 2120 9.57 63 93 62 212 
Ha Ag 0.50 227 102 1820 6.42 61 81 40 169 
Ah Bs2 1. 08 247 110 318 10.7 48 52 22 
Ah Bs3 1. 26 2 39 97 369 9.84 47 53 33 119 
PodAh E 1. 59 2 80 85 93 2.21 24 26 30 34 
Iw Cr2 0.92 2 36 100 299 7.34 38 61 51 161 
Io Bsl 0.94 241 137 909 10.6 53 52 18 169 
Io Bs2 1. 01 189 117 2960 10.2 78 59 30 188 
Ku Cr 1. 80 323 100 97 1. 21 12 18 28 46 
Ok Brl 2.56 384 106 128 0.93 20 24 21 26 
Ok Cs 2.20 354 93 94 6.50 27 31 26 33 
Ok c 2.12 348 145 104 1. 79 17 15 12 32 
a Ti determined co1orimetrical1y 
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(b) International Rock Standards and Soils. Good 
agreement was found for all three decomposition methods. It 
is surprising that results do not correlate all that 
well with the standar.d addition experiments, particularly for 
the Na 2co3 fusion method. It is possible that there was an 
artifact in the standard addition experiments. The addition 
of the spikes on to the bottom of the platinum crucible may 
have introduced an error. However, this was not the case 
when the digestions were carr out with HF-HCl0 4 . 
(c) The choice of decomposition method. The HF-HClo 4 
digestion was the decomposition method selected for the 
analytical study in the present work. A number of reasons 
led to this sion. The acid treatment gave consistently 
satisfactory results in recovery experiments and the 
analysis the International Rock Standards. The other 
methods of decomposition were not as consisteht ( ially 
the Na 2co 3 fusion). With the acid digestion, excess reagent 
was fumed o , and Si, a major component, was removed from 
the solution. The extra steps of dissolution of the melt and 
filtration, necessary the fusion methods, were avoided in 
the acid digestion. As a consequence,the volume of solute 
can be kept low- an advantage for elements present in small 
amounts. Finally, decomposition of soil samples with HF-HCl04 
is as rapid as the LiB0 2 ion. 
A COMPARISON OF ATOMIC ABSORPTION SPECTROSCOPY AND X-RAY 
FLUORESCENCE 
The other major approach to soil and rock analysis is 
to analyse solid samples. This approach removes the need to 
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destroy the structure in the sample in order to get the 
material into solution. It also avoids the problems assoc-
iated with addition of reagents to the sample with the 
possibility contamination. On the other hand, analytical 
measurements on solid samples have the effect of the matrix 
to contend with. It was decided, therefore, to compare 
Atomic Absorption Spectroscopy with X-ray Fluorescence. Both 
techniques have been developed over the past few decades into 
standard analytical techniques. 
1. fluorescence 
(i) Introduction. While X.R.F. can be used to deter-
mine elemental concentrations in solid soil or rock samples, 
it can also be used for solutions. However, a matrix problem 
as regards background scattering, due to the materials in the 
solution reagent, occurs. Consequently, X.R.F. analyses of 
solutions is not the normal procedure. 
Around 80 elements (atomic number >8) can be detected 
using X.R.F., and with special instrumentation, elements with 
atomic numbers between 2 and 8 can also be detected. The 
sensitivity of the X.R.F. analyses is less than 1 ~g g-l for 
7 
the st row transition metals On a routine ba s, the 
lower limits of detection in X.R.F., for a 20 second counting 
period, are shown in Table 5.13159 . 
TABLE 5.13 Lower Limits of Elemental Concentrations 
Measured Routinely Using X.R.F. ta 
se Soils and Rocks. 
Element Al Si Ti v Cr Mn Fe Co Ni Cu Zn 
Lower Limit of 
Concn (ug g-1) 100 50 5 20 3 10 5 5 3 2 2 
Measured in 
le 
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By increasing the counting period these limits can be 
lowered. The lower limit of detection (in ~g g-l) given 
by the equation 
Lower Limit of Detection 
where m is the counts per second per %, Tb is the counting 
time in seconds, and Ib is the peak minus background count-
Correctly used, and with modern microprocessor 
facilities, precise analyses of many elements can be made 
a short time. Another advantage of X.R.F. is that it 
non-destructive. 
An area of improvement in present day spectrometers 
in the performance the X-ray tube, particularly as 
regards power, s ility and reliability. Many spectrometers 
have 3k\.V tubes that can be opera ted at 10 0 kV, and can 
there excite the K X-ray ctra of all elements except 
Th and U. 
X-ray detectors have been improved by the use of semi-
conductors, which are used as energy discriminators. The 
main advantage of semi-conductor detectors (Li doped Si or 
Ge, operated under vacuum at liquid nitrogen temperatures) 
is that they may be used with various sources of X-ray 
excitation, such as low power X-ray tubes, secondary X-ray 
targets, or radioisotopes. Another advantage is their 
abili to carry out multielement analyses simultaneously. 
However, the detector of limited use for trace element 
analysis because of a low precision at 9arts per mil on 
level. The scintilla.tion and gas-flow proportional counters 
are like to continue to be widely used for trace e nt 
analysis. 
142 
2. Atomic Absorption Spectroscopy 
(i) Introduction. Atomic absorption spectroscopy can 
be used to analyse ~or about 70 elements. The limit of 
detection varies with the element but for most trace metals 
is generally in the range 0.1 - 1.0 ~g g-l in the original 
sample. In Table 5.14 the detection limits for Al, Si, and 
-1159 
the first row transition metals are listed in ~g ml 
Also listed is the concentration, in pg g- 1 , that this detec-
tion limit corresponds to,for a 0.2 g sample taken complete 
into solution and made up to 10 mls. 
TABLE 5.14 
Elerrent Al Si 
L:::wer Limit 
Lower Limits of Elemental Concentrations 
Detected Using A.A.S. in the Analysis of 
Soil Solutions 
v Cr Fe Co Ni cu Zn 
Detection 
(pg mrl) 
0.04 0.30 0.11 0.066 0.003 0.005 0.006 0.008 0.003 0.002 
Corresponding 
L:::wer Limit of 2.0 15.0 5.5 3.3 0.15 0.25 0.30 0.04 0.15 0.10 
Detection 
(pg g-1) 
-1 These values of detection limit (pg g ) are generally an 
order of magnitude smaller than the corresponding values for 
the lower level of determination using X.R.F. {Table 5.13). 
The detection limit in A.A.S. can be ef ctively lowered by 
increasing the trace element concentration in the solution. 
Concentration techniques include evaporation, ion-exchange, 
co-precipitation160 and solvent extraction16 1. 
Alternative means to lower the detection limit A.A.S. 
are also possible by a change of instrumentation. Flame s 
A.A.S., such as the use of a carbon furnace, uses electro-
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thermal techniques for heating and atomization in the place 
of a flame. Using flarneless A.A.S. 2 - 20 ~ dm3 of the 
liquid sample, containing a few ~g of a solid samp can be 
analysed with detection limits in the parts per billion 
range. The versatility of A.A.S. is evidenced by the 
voluminous number of publications citing A. A. S. usage in 
many diverse geological and earth science fields. 
Atomic absorption spectroscopy is also a suitable 
means for the analysis of solutions obtained by selective 
extraction of certain chemical forms of elements from soil 
samples. In some respects the total elemental concentrations 
of soils is of limited use, compared with the chemical forms 
of the elements which can be selectively extracted. In 
this sense A.A.S. is a more useful analytical tool than X.R.F. 
There are other atures of the A.A.S. instrumentation 
that offer advantages over X.R.F. The cost of an A.A.S. 
t not high compared with the high capital cost of the 
X-ray equipment, and the level of operator skill required to 
use A.A.S. is not as great. The matrix effects in A.A.S. are 
also less of a problem and more easily controlled than those 
in X.R.F. 
In A.A.S., the radiation source, usually a hollow 
cathode tube, is modulated, and the measuring device, a photo-
multip r, is set to select that modulation. Although 
multiple element tubes are sometimes used, problems can arise 
with the different volati ties of the elementi also, the 
1 . d 162 h 'b spectra are more comp lcate . Langmyhr as descrl ed an 
electrodeless discharge lamp, which uses a radiofrequency to 
give an intense pure spectrum of very narrow line width, of 
the element which is placed in resonant cavity. The use 
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16 3 
of a continuous source , employing xenon arc and a tungsten 
filament, has advantages in reducing the number of hollow 
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cathode lamps. It has been found however , that the 
sensitivity obtained with a continuous source is less than 
that of the normal hollow cathode tube. It is possible that 
laser. sources may find use in A.A.S. instruments in the 
future. 
RESULTS AND DISCUSSION - X.R.F. and A.A.S. COMPARISON 
X-ray fluorescence was used to analyze the topo-
sequence soils the elements Ti, Cr 1 Mn, Fe 1 Ni 1 Cu and 
Zn, and the Waterton soi and concretions , Cr 1 
Mn, Fe, Ni, Cu and Zn (Tables 5.15 and 5.16). 
The level of detection achieved on the model of X.R.F. 
spectrometer used {PW 1540 Manual Vacuum Spectrometer) was 
poor compared to present 
-1 limit was about 10 ~g g 
instruments. The detection 
r the trans on elements analyzed, 
-1 
and 200 ~g g Aland Si. In le 5.1~ the uncertainties 
estimated for the experimental results obtained by X.R.F. are 
given. Also given in Tab 5.17 are the uncertainties obtain-
ed from replicate analyses of a clay sample (Pod Ah, C horizon) . 
Fourteen separate samples of this clay were decomposed by 
acid digestion, and the resulting solutions analyzed by A.A.S. 
Listed in Table 5.17 are the mean and standard devi on of 
fourteen experimentally determined concentrations for each 
element. Also listed is the mean and the standard error of 
cr the mean (S.E.M., -) where cr is 
n 
standard deviation and 
n the number of cases. The S.E.M. indicates the error in the 
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TABLE 5. 15 TOPOSEQUENCE 
Analytical Data for Soils Using X-ray 
Fluorescence 
SOIL AND Tia Tib Tic Cr Mn Fe Ni Cu Zn 
HORIZON 
-1 (%)I ~g g-1 (%) jlg g 
LFS Ae 0.32 0.40 0.32 19 44 0.26 24 1 8 
Er 0.41 0.49 0. 36 61 62 0.47 21 5 15 
Brs 0.73 0.87 0.57 41 77 0.62 14 3 35 
Bhrs 0.70 0.83 0.48 56 88 0.68 28 3 45 
Br 0.51 0.60 0.40 32 90 0.74 18 1 54 
Cr 0. 35 0.43 0.31 26 224 l. 37 25 1 74 
CREST E 0.25 0.31 0.22 29 0.33 7 1 0 
EB 0.41 0.49 0.31 25 47 l. 41 9 1 0 
Bhs 0.57 0.67 0.41 54 75 2.62 16 9 49 
2Bs 0.54 0.65 0. 39 38 102 2. 51 22 13 75 
2Bw 0.48 0. 58 0. 35 33 156 2. 35 19 14 72 
a Determined by comparison with International Shale 
Standards 
b Determined by comparison with International Rock 
Standards 
c Determined colorime cally. 
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TABLE 5.16 WATERTON SAMPLES 
Analytical Data for Soi and Concretions Using 
X- Fluorescence 
SOIL AND Mn Fe Cr Ni Cu Zn 
SOILS 
1 Brs 69.8 16.4 0.43 0.52 0.43 0.45 6.41 93 21 11 93 
2 Br 69.6 18.6 0.45 0.54 0.47 0.20 5.34 41 14 84 
3 Brsl 69.7 18.8 0.48 0.58 0. 49 0.94 6.47 67 31 14 136 
4 Brs2 71.9 17.6 0.45 0.54 0.49 1.03 5. 70 64 36 4 150 
CONCRETIONS 
1 Brs 57.6 11.6 0.37 0.45 0.34 6.12 .4 58 70 6 188 
2 Br 58.9 14.2 0.42 0.51 0.41 4.45 10.7 71 190 58 163 
3 Brsla 49.5 10.1 0.38 0.46 0.31 8.00 15.9 62 53 10 307 
3 Brs1 b 44.2 8.7 0. 35 0.42 0.29 9.54 18.8 58 62 4 408 
4 Brs2 61.8 11.5 0.40 0.48 0.34 7.54 12.9 75 91 26 318 
a Concretion size: about 5 mm across. 
b Concretion size: about 15 mm across. 
c Ti determined by comparison with International Sha 
Standards. 
d Ti determined by comp on with International Rock 
Standards. 
e Ti determined calorimetrically. 
TABLE 5.17 Uncertainty in Values Determined by X.R.F. and A.A.S. 
. a X.R.F.: Uncerta1nty 
-1 (yg g ) 
A.A.S.: Mean 
-1 (]Jg g 
A. A. S • : Me an 
-1 (]Jg g ) 
± s.d.b 
c 
± s.e.m. 
Al 
±lo 5 
Si Tid v 
05 ±300 
7960 20 113±3 
7960±140 113±3 
a Estimated uncertainty experimental results. 
Cr Mn 
±10 ±50 
72 ±7 406 ±6 
72±2 406±2 
b He an of 14 analyses of one samp ± standard deviation. 
Fe 
±500 
58950±1200 
58950±320 
c Mean of 14 analyses of one sample ± standard error of the mean. 
d Ti determined calorimetrically. 
Co Ni 
±10 
20.± 21±14 
20±4 21±4 
Cu 
±10 
47±14 
47±5 
Zn 
±10 
184±24 
184±6 
1-' 
""" -....! 
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mean, as opposed to the standard deviation which indicates 
the scatter of results about the mean. The standard error of 
the mean for the A.A.S. values, is in all cases less than the 
estimated uncertainty of the X.R.F. results (Table 5.17). 
It is also apparent from Table 5.17 that when the concentrat-
ions for Co, Ni, Cu -1 and Zn are less than 50 wg g , the 
uncertainties are relatively high whether determined by X.R.F. 
or A.A.S. 
The reliability of A.A.S. results for Cu was checked 
by also determining Cu by a colorimetric method using diethyl-
dithiocarbamate to complex the Cu in solution. The solutions 
analyzed were some solutions obtained after Na2co 3 fusions of 
known amounts of Cu were added to a platinum crucible. The 
results of these analyses, given in Table 5.18, show that 
there is a good agreement between A.A.S. and the colorimetric 
method, even though the recovery of added Cu is low. 
The concentration of Ti obtained by X.R.F. was consist-
ently higher than those obtained by the colorimetric method 
(Tables 5.15 and 5.16). The X.R.F. results for Ti were 
therefore also determined by making comparisons of the samples 
with three International Shale Standards, and the values 
obtained were closer to the colorimetric values than those 
determined with reference to the International Rock Standards. 
This suggests that the organic matter in the shales and soils 
reduces the mass absorption, and that the shale matrix is 
closer to that of the soil matrix. Although the concentrat-
ions of Ti differ when determined by X.R.F. and the cmlori-
metric methods, the relative values are similar by both 
methods. 
TABLE 5.18 Determination of 
c Method. 
~g Cu added/100 ml 
A.A.S. 
0.100 mg 32 
0.200 mg 24 
0.061 mg 30 
0.061 mg 29 
Mean± s.d. 29 ± 4 
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A.A.S. and a Colori-
RECOVERY % 
Cu-Diethyldithiocarbamate 
38 
27 
33 
33 
33 ± 5 
The elements V and Co were not determined by X.R.F. 
due to serious spectral interference from the Ti KS and 
Fe KS lines respectively. levels ob d for Mn and Zn 
by X.R.F. show reasonable agreement with the A.A.S. results 
(Table 5.6 and 5.8), more so in the concretions where the 
concentrations are higher. Good agreement for the Fe levels 
in the toposequence soils o when determined by X.R.F. 
and A.A.S., however in the Waterton soils and concretions 
(where the iron levels are higher) , the Fe concentrations 
were consistently higher when determined by X.R.F. An 
enhancement similar to that of Ti could also be occurring for 
Fe when analyzed by X.R.F. Results Ni are simi by 
both methods, but the X.R.F. results for Cu are quite low in 
comparison with the A.A.S. results. 
A r model X.R.F. spectrometer, which was not avail-
ab at the time of this study, coupled with improved 
correction capacity may conside ly improve the X.R.F. data 
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for the samples analyzed, as well as providing data for V and 
Co. For this reason, analys by X.R.F. was not pursued any 
further as, in terms of the instrument available, it was 
cons red inferior to A.A.S. 
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CHAPTER 6 
TRACE ELEMENTS IN AN IRON-PAN AND IRON-MANGANESE CONCRETIONS 
The cx:mcentrations and chemi forms of trace elements 
in some iron-manganese concretions and an iron-pan have been 
obtained from elemental chemical analyses, e ctron micro-
probe and X-ray diffraction analyses. 
A survey of the occurrence and properties of trace 
elements in soils and concretions has been given in Chapter 3. 
In this chapter, only selected work on trace elements in iron-
manganese concretions and iron-pans will be discussed 1n 
relation to the present results. 
RESULTS AND DISCUSSION 
l. Introduction 
The concretions studied in the present work were 
obtained from a shallow gully which has a very gentle gradient 
resulting in a slow flow of water. At times the soil is 
saturated. There is an accumulation of trace elements, 
especially Mn, at the lowest point of the gully 26 . The soil 
becomes waterlogged during the winter season, resulting in 
gleying, which causes a mobilization of trace elements, and 
their subsequent enrichment in the iron-manganese concretions. 
The concretions were se cted from profiles which had 
the highest proportion by weight (Table 6.1; although some 
Tables are included in the Chapter, most are collected in 
Appendix l) . In profile 3 the Brsl and Brs2 horizons had 46 
and 21% concretions respectively. Possible differences in 
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the concretions, due to size, were considered by examining 
two concretions of different size from the Brsl horizon of 
profile 3. Since both concretions carne from a sample obtain-
ed with a corer of 5 em diameter, the maximum distance 
possible between them is 9.4 ern. 
The iron-pan analyzed comes from the Bs horizon of the 
Ok profile (at a depth of 0.51 m) of the chronosequence of 
soils. 
TABLE 6.1 WATERTON SOILS AND CONCRETIONS 
Data for pH, Horizon Depths, Percentage of 
Concretion per Horizon by Weight, and Loss 
on Ignition Values, 
Profile and Soil(s) or 
Horizon Concretion(c) 
pH (H 20) Horizon % Concretion "Weight Depth per Horizon Loss (%) 
by weight on 
1 Brs 
2 Br 
3 Brsl 
3 Brs2 
s 
a 
c 
s 
c 
s 
c(rnedium)b 
c(large)c 
s 
c 
5 . 9 
7.5 
7.0 
7.0 
5 8.3 
22 1.0 
8 46.0 
/ 
9 21.0 
a Unless specified concretions < 1.5cm in diameter 
b Concretion 5 mm in diameter 
c Concretion 15 mm in diameter 
Ignition 
6 • 3 
4. 3 
6. 3 
5 . 5 
8.5 
5.9 
6. 6 
7. 2 
5.4 
2. Iron-manganese concretion formation and morphology 
Three types of nodule/concretion formations have been 
d . . . h d . mb d. . 1 16 4 f . ( . 1st1ngu1s e 1n Ca o 1an sol s - errug1nous lron-
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containing) nodules, ferruginous concretions, and iron-
manganese concretions. 
( . ) . d "1 • h . 16 4 f d . 1 1 l Ferrug~nous no u~es. Mltsuc l oun lrregu ar y 
shaped ferruginous nodules (up to 3 em in diameter} in lower 
soil horizons. These horizons were dominated by rruginous 
mottles, which Mitsuchi suggested were the initial phase of 
nodule formation, resulting from the segregation of iron 
under alternate reducing and oxidizing conditions. The large 
amounts of quartz and kaolinite in the nodules - the major 
minerals in the surrounding soi - suggest that the nodules 
were formed by the ferric oxides cementing the soil matrix. 
It was observed that below the zone of maximum nodule 
content, the nodule concentration fell off rapidly. This 
may be due to persistent moist conditions of the soil at the 
lower levels, which would inhibit dehydration and crystalliz-
ation of the ferric oxides 164 - 166 . 
(ii) Ferruginous concretions. Concretions, as dis net 
from nodules, exhibit an iron-rich crust containing little, 
if any, quartz and soil grains, and have a concentric layer-
ing effect. The inner zone of the concretions does, however, 
contain soil grains cemented by ferruginous material. It 
appears that ferruginous nodules formed initially, and then 
acted as nuclei for concretion growth. The concretion crust 
is added to seasonally, through precipitation of rric 
oxides from the soil solution as the soil t l64-l66 es ou . 
(iii) Iron-manganese concretions. Most iron-manganese 
assemblages are also coated with a ferruginous crust, and are 
therefore classified as concretions. The crust has concentric 
layering, while the inner zone - a mangani rous core contain-
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ing many soil grains - does not. It is also likely that 
iron-manganese mottles are the initial stage of iron-manganese 
. f t' 164-166 Th 1 . f . concret1on orma 1on . e ow res1stance o 1~ m1ner-
als to weathering, and the mobility of 1~, under weak 
reducing conditions, suggest that iron-manganese nodules 
would. form before iron nodules. 
In the present study, the diameters of the concretions 
ranged from 0.5 to 2.0 em. They were unevenly shaped, with 
up to 3-4 hemispherical mounds protruding outwards from a 
larger central concretion. 
Photographs of a thin section of a concretion (from 
the Brsl horizon of profile 3), taken with transmitted and 
reflected light respectively (Figure 6.1), show predominantly 
black material, with less than 5% of the area of the sample 
being detrital quartz and feldspar grains. The average 
grain size is about 0.2 mm; the sizes range from silt to 
clay. The detrital grains are very angular. 
The black areas in the photographs are mainly confined 
to roughly circular patches or zones, surrounded by red-brown 
material. However, patches of black mate al also extend 
throughout the red-brown substance. The red-brown, possibly 
microcrystalline material, appears to be a cementing matrix, 
while the black material, more towards the centre, incorpor-
ates the detrital grains. The black and red-brown patches 
were identified as mainly Mn and Fe containing regions, 
respectively, by electron microprobe analysis. This suggests 
an earl r stage of development of the black Mn containing 
regions, as compared with the ferruginous mate al. The 
larger concretions appear to be composed of separate J.1n 
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Figure 6.1. Photographs of a thin section of a concretion 
(3-Brsl~ large) taken with transmitted light (top) 
and reflected light (bottom) respectively. 
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nodules, cemented together by the ferruginous material. The 
samples may therefore be called iron-manganese concretions on 
the bas of Mi ts uchi' s classification. 
Cracks can be seen around some of the Mn (black) areas. 
These black nodule areas, which have presumably acted as 
nuclei of the concretions, may have been initially so , or 
in the liminary stages of hardening, when they were coated 
with ferruginous material. Contractions, at a later date, 
due to dehydration and crystallization, may have occurred in 
the nodule producing the cracks. The cracks would then pro-
vide pathways for the movement of soil water and the deposit-
ion of further material, such as iron oxides, within the 
concretion. Mitsuchi 164 demonstrated from electron micro-
probe analyses, that the coatings on the wal of cracks 
within concretions, were hydrated iron oxides. 
3. Mine 
Goethite (FeOOH) was the only crystalline iron oxide 
d d b h d . 16 7 . . f etecte y Sc wertmann an Fann1ng 1n concret1ons rom a 
hydrosequence of Bavarian soils. On the basis of electron 
microprobe analyses, which showed an association between Ca 
and Mn regions, these workers suggested Mn is present as 
mineral birnessite ( (Ca,Mg,Na 2K2 ) x~1n(IV)Mn(II) (O,OH) 2 ). 
Other Mn minerals have been identified in Australian soils 
and concretions; these include lithiophorite (Li 2Al 8 (Mn(II), 
Co,Ni) 2Mn(IV) 10o35 ·14H 2o), todorokite ((Mn(II) ,Mg,Ca)Mn(Iv) 6 
o13 ·3-4 H20), and pyrolusite (Mn0 2) . 
. f . . f mb d. . 1 16 4 X-ray dl fractlon stud1es o some Ca o 1an sol s 
have demonstrated the presence of several Fe minerals, includ-
ing goethite, hematite (Fe 2o 3), and maghemite (YFe 4>. 
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Si con and Al were present in quartz and poorly crystalline 
kaolinite. 
On the b s of X-ray diffraction studies, Sidhu et 
a1. 166 found evidence for the presence of illite, quartz and 
feldspars, in concretions from some Northwest Indian soils. 
They did not find any evidence for the presence of crystalline 
Fe and Mn oxides, suggesting that these oxides are in an 
amorphous form. Similar results were obtained on some 
165 Russian podzols . 
X-ray di ction analys was employed, in the 
present study, to termine the minerals present in concretion 
and iron-pan samples. 
(i) ResuZts for concretions and surrounding soi In 
the concretions and surrounding soils from the 3-Brsl and 
3-Brs2 horizons, quartz (Si0 2), plagioclase feldspar 
(NaAlsi 3o 8) and illite (KxA1 4[si 1 _xAlxo 20 ](0H) 4) were the 
dominant talline minerals (Table 6.2). For soil from 
the 3-Brsl horizon (Table 6.3), the iron containing minerals, 
goethite and idocrocite (y-FeOOH) were identified, while 
for the concretion 1 just lepidocrocite was identified. 
Attempts were made to concentrate the minerals in the 
concretions. The iron minerals could not be concentrated 
using a magnet, or by density ng the tetrabromoethane 
-3 (density 2.95 g em } . However, a twenty minute treatment of 
the sample with 40% HF, at room temperature, reduced the base 
line noise in the X-ray diffractogram, sugges g that poorly 
ordered material had been removed by the HF. The sample 
(3-Brsl) was then found to have the basal (0,0,1) spacing for 
the ~m mineral birnessite, as well as the lines for lepidocro-
TABLE 6.2 
Quartz 
d(A) I/Il 
4.25 20 
3.34 100 
2.46 7 
2.28 7 
2.24 3 
2.13 4 
1.9 8 3 
1.82 10 
1.67 3 
1.66 1 
1.54 8 
Variety: 
a-Quartz(Si02 ) 
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WATER'IDN SM1PLES 
X-ray Diffraction Data for the Three 
Minerals, Quartz, Plagioclase Feldspar, 
and Illite in Both Concretions and 
Soils 
Plagioclase Feldspar Illite 
d(A) I/I1 d{A) I/Il 
6. 39 10 9 • 9 0 10 
5. 91 3 4.46 100 
5.58 3 
4 .o 3 70 
3.85 10 2.59 100 
3.78 30 
3. 6 7 40 
3. 51 10 
3.19 100 
2.97 20 
2. 9 3 20 
2. 86 9 
2.78 2 
2. 6 4 7 
2.56 12 
2. 40 4 
2. 32 7 
2.19 5 
1.89 9 
l. 80 5 
l. 78 10 
l. 72 6 
1.57 3 
Illite(k Al 4 [si 1 -x -x 
Alxo 20 ] (OH) 4 ) 
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TABLE 6. 3 WATERTON SAMPLE ( 3-Brs 1) 
X-ray Diffraction Data Obtained for the 
Soil and Concretions from the 3-Brsl 
Horizon 
Soil or Mineral Concretion 3-Brsl (Soil) 3-Brsl (c) 3-Brsl (c) Species a (c) 20 minutes 40%HF 
d (A) I/I1 d (A) I/Il d(A) I/I1 
7.38 sb Birn 
5.47 w u 
6.26 w 6.26 w 6.26 w Le 
5.81 100 F 
4. 9 8 w Go 
4.18 w Go 
3.01 50 F 
2.90 60 F 
2.69 w Go 
2. 30 25 F,Birn 
2.04 20 F, rn 
1.95 w 1.9 5 w 1.95 w Le 
1.9 3 20 F 
1.76 32 F 
1.51 10 F 
a u, unidenti ed; Go, goethite; Le, lepidocroc 
F, complex uoride; Birn, Birnessite. 
b 
s, strong; w, weak. 
rtz, ldspar nd illite F(::!.Jk s a.rrc; not included 
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cite found previously. The line corresponding to the basal 
spacing for birnessite (738 pm) is reasonably broad, reflect-
ing a somewhat disordered crystal structure. 
For the soil from the 3-Brs2 horizon (Table 6.4), the 
mineral goethite was also identified, as was a clay mineral 
from the smectite group. Upon treatment with glycerol, the 
basal line for the smectite changed from 1480 to 1770 pm, as 
normally occurs for smectite minerals. For the concretion in 
the 3-Brs2 horizon, the basal line birnessite was also 
found. After treatment of the sample for 20 minutes with 40% 
HF, the basal line became more intense, indicating a concen-
tration of the mineral in the residue. The mineral hematite 
was also identified. Whenever the HF treatment was used, the 
X-ray diffractogram was found to contain new lines which did 
not correspond to any Mn or Fe containing minerals. It is 
proposed that these lines are derived from a complex fluoride 
species formed by precipitation during the HF treatment. This 
is discussed more fully below. A summary of the minerals 
found is as llows; 
Concretion Soil 
Si: quartz(Si02 ) 
Si/Al: plagioclase(NaAlSi 3o 8) 
illite 
(KxAl 4[si 1 _XAlxOZO](OH) 4) 
Fe: lepidocrocite(y-Fe(III)OOH) 
hematite(Fe(III) 2o3) 
Mn: birnessite((Ca,Mg,Na2K2)x-
Mn(IV)lm(II) (O,OH) 2 ) 
quartz (Sio2 ) 
plagioclase(NaAlSi 3o 8} 
illite 
(KxA1 4 [si 1_xAlx0 20 ](0H~) 
lepidocrocite (y-Fe (III)COH) 
goethite(Fe(III)OOH) 
(ii) ResuLts for iron-pan. The X-ray diffraction 
pattern, for the iron-pan sample con ned lines for quartz, 
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TABLE 6. 4 WATERTON SAMPLE 
X-ray Diffraction Data Obtained for the 
Soil and 2 
Horizon 
Soil or Mineral Concretion 3-Brs2 (Soil) 3-Brs2 (c) 3-Brsl (c) Species a (c) 20 minutes 40%HF 
d(A). I/Il d(A) I/I1 d(A) I/I1 
17.7 (Glycerol) Smec 
14.8 rrP Smec 
7.31 s 7.31 s rn 
6.61 w u 
5.81 100 F 
5.47 w u 
4. 9 8 m Go 
4.17 m Go 
3.66 w Hem 
3. 01 50 F 
2.90 50 F 
2.69 m 2.69 m Go,Hem 
2.51 w Hem 
2. 30 25 F,Birn 
2.04 20 F,Birn 
1.93 40 F 
l. 76 60 F 
1.69 w Hem 
1.51 10 F 
a 
u, unidenti ed; Smec, smectite; F, complex fluoride; 
Gq, ·goethite; Hem, hematite; Birn, birnessite. 
b 
s, strong; m, mediun, w, weak. 
Quartz, feldspar and illite peaks are not included. 
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and the clay mineral kaolinite (6.5). After 20 and 40 minute 
treatments with HF, the quartz lines were still intense, in-
dicating the highly ordered crystalline state of the quartz 
in this sample. Lines that can be ascribed to the titanium 
dioxide minerals, anatase and rutile, were also found after 
HF treatment. A number of new peaks probably correspond to 
complex fluorides. 20 Campbell also found anatase and rutile 
to be present in the clay fraction of the Br3 horizon of the 
Ok profile, which agrees with the present findings. 
(iii) Problems encountered in the concentration of 
minerals by hydrofluoric acid treatment. 20 Campbell reported 
that treatment of a granite sample with 48% HF for more than 
two hours produced precipitates of complex fluorides (such as 
ca0 _5MgAlF6 , NaMgAlF6 and KMgAlF6 ). Typical X-ray diffraction 
data (for ca0 _5MgAlF6) were; 
d(nrn) 0.582 0.303 0.291 0.251 0.231 0.205 0.193 0.178 0.170 0.151 
100 54 86 7 29 24 63 5 21 
Campbell concluded that the Mg 2+ concentration in the solution 
was the limiting factor in the precipitation of the fluoride 
species. In the present study (Tables 6.3 and 6.4), the 
diffraction patterns for both concretions, after HF treatment, 
included a number of the lines, given above, for the complex 
fluoride species. In the present study, the fluorides were 
found to be present even after 20 minutes. This could reflect 
the poorly ordered nature of the samples, which would favour 
more rapid dissolution, and therefore enabling the solubility 
product of a fluoride species to be exceeded within a shorter 
time. The diffractogram data for the iron-pan (Table 6.5), 
16 3 
TABLE 6.5 OKARITO IRON-PAN 
X-ray Diffraction Data Obtained for the 
Okarito I 
Fe-PAN Be-PAN/20 MIN 40%HF Fe-PAN/40 MIN 40%HF MINERAL 
d(A) I/Il d(A) I/Il d (A) I/Il SPECIES a 
9. 89 b 9.94 s s F 
7.14 w Kao 
4 .9 6 w 4. 9 8 w F 
4.45 m Clay ( 110) 
3.58 w Kao 
3.50 m 3.52 m Anat 
3.45 s 3.47 m 3.47 m u 
u 
3.25 m 3.25 Rut 
3. 0 2 w u 
2.95 w 2.95 w 2.95 m u 
2.88 s F 
2.59 w 2.59 m F 
2.52 m F 
2.34 m F 
2.16 s u 
1.99 m 1.99 m 1.99 m u 
1.69 w 1.69 w Rut 
a F, complex fluoride Taeniolite; Kao, kaolinite; Anat, ana-
tase; u, unidentified; Rut, rutile. 
b 
s, strong; m, medium, w, weak. 
Quartz peaks are not included. 
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after HF treatment, has a nuwber of new lines, coincident 
with a precipitated fluoride species, tentatively identified 
4. Chemical analysis 
Over many studies it has been shown that the elemental 
chemical composition of concretions differs from that of the 
surrounding soil. The Al and Si content of the concretions 
is less than for the soil and generally, the larger the 
concretion, the lower is the silica content. On the other 
hand, concentrations of Mn and Fe164- 170 are higher than in 
the surrounding soil, and trace elements such as Co, Ni, Cu 
and Zn are enriched in the concretions. The accumulation of 
Co, Ni, Cu and Zn in concretions is said to be a result of 
the scavenging properties of the hydrous oxides of Mn and 
Fe for these trace elements 59 , 63 , 171 . However, such a state-
ment is not an explana on. Concretionary matrices are 
important phases for influencing the concentration of trace 
elements in the soil solution. In one study166 , the concen-
trations of ~ill, Co and Ni were found to increase with the size 
of the concretion, but for Fe conflicting results were 
bt . dl65,166,168 o a1ne . 
The chemical composition of concretions varies with 
their depth in the profile. A reason for this is that the 
iron and humus content of a soil often decrease with increas-
ing depth, while the Mn content increases. A study of con-
cretions from a strongly podzolized soil in Russia165 showed 
that in the A2 horizon, Fe precipitation was dominant, while 
in the lower horizons, Mn compounds had formed, reaching a 
maximum of 13% in the lowest B horizon. The difference in 
165 
the behaviour of Fe and Vm in the soil profile is expected 
because Mn compounds are more soluble and mobile than Fe 
compounds 77 . Both pH and Eh values are higher in the lower 
part of soil profiles 165 than in the upper horizons, and 
therefore Fe(III) compounds precipitate, mainly in the upper 
horizons as concretions and mottles, while Mn(IV) containing 
materials are formed mainly in the lower horizons (Figures 
3. 3 and 3. 4) . 
Studies on the spatial distribution of Mn and Fe in 
concretions have been carried out by several authors using 
1 . b 1 . 71,167,168,172,173 . t e ectron micropro e ana ys1s . Po1n count-
ing showed concretion crusts to be high in Fe and low in Mn, 
while for the core, the opposite trend was observed. The 
concentrations of Mn and Fe in some areas have been shown to 
lie between 50-60%. These results suggest separate deposition 
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of Mn and Fe at these areas . 
Chemical analyses were used in this work to determine 
the total elemental concentrations in cor.cretions and an iron-
pan, and their surrounding soils. In addition, the amounts 
of trace metals removed from the sample on treatment with two 
extraction reagents, ammonium oxalate and sodium pyrophosphate, 
were measured. 
(i) Total elemental analysis of concretions. Hydro-
fluoric acid-perchloric acid digestions, followed by A.A.S. 
analysis, were used to determine the concentrations of V, Cr, 
Mn, Fe, Co, Ni, Cu and Zn (Table 5.8) in the concretions and 
the surrounding soils. Titanium was determined colorimetric-
ally. Analytical data for Al and Si (and also Ti, Cr, Mn, 
Fe, Ni, Cu and Zn) was obtained by X.R.F. analysis (Table 5.16) 
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The concentrations of Al, Si, Ti and Cr were found to 
be higher in the soils than in the concretions, while for V, 
Mn, Fe, Co, Ni 1 Cu and Zn, higher concentrations occurred in 
the concretions. This information is summarized in Table 6.6, 
where the concretion to soil ratio for each element is given. 
TABLE 6.6 WATERTON SAMPLES 
The Concretion to Soil Ratios of Elemental 
Concentrations Determined the HF-HClO 
A.A.S. Method 
Profile 
and Al Tia v Cr Mn Fe Co Ni cu Zn 
Ho:dzon 
1 Brs 0.83 0.71 0. 79 0.87 0.56 14.5 1.95 7.8 1.8 2.4 
2 Br 0. 85 0. 76 0.87 1.4 0.92 26.1 1.96 10.6 6.0 3.7 2.1 
3 b Brsi 0. 71 0.54 0.63 1.0 0.90 11.9 2. 72 9.3 12.0 2.4 3.1 
3 Brsl c 0.63 0. 46 0.59 1.0 0.40 13.1 3.12 9.9 25.2 7.7 4.0 
3 Brs2 0.86 0.65 0.69 1.3 1.2 7.44 2.27 5.3 2.1 3.1 3.0 
M:::an 0.78 0.62 0.71 1.11 0.80 14.6 2.4 8.4 11.3 3.7 2.9 
a determined calorimetrically 
b,c . Concret1on sizes 5.and 15 rrun in diameter respectively 
The elements Mn and Co have been most strongly concentrated 
in the concretions compared with the surrounding soil. The 
mean concretion to soil ratios for Mn and Co are 14.6 and 8.4 
respectively. The elements Fe, Ni, Cu and Zn are all enriched 
in the concretions, in most cases 2 to 4-fold. The concretion 
to soil ratios r Ni in the Brsl horizon are very high. This 
is probably due to the low Ni levels in the soil, which have a 
high associated experimental error, rather than due to a high 
Ni concentration in the concretion. The elements Si, Al, Ti 
and Cr all have lower concentrations in the concretions. 
Vanadium concentrations in the soils and concretions were 
found to be similar. 
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From the analytical data, in Table 5.8 and 5.16, for 
two concretions of different size in the Brsl horizon, it can 
be seen that the smaller concretion has higher concentrations 
of Si and , and lower concentrations of Mn, Fe and Zn. The 
levels of Ti, V, Cr, Co, Ni and Cu are not significantly 
different ~n the two concretions. These results may be 
explained by the greater proportion of soil particles (and 
hence higher concentrations of Al and Si) in the smaller 
concretion than in the larger. 
In profile 3, the Brs2 horizon is below the Brsl 
horizon. The concentration of Mn in the soil of the Brs2 
horizon is greater than that of the Brsl horizon (Table 5.8) 
as may be expected from the discussion earlier. However, the 
Mn concentration in the concretions is lower r the Brs2 
horizon. The Fe concentration in the soils of the Brsl and 
Brs2 horizons is similar, while in the concretions the Fe 
levels are lower in Brs2 horizon. 
Possible reasons for the enrichment of the elements 
Mn, Fe, Co, Ni, Cu and Zn in the concretions, have been out-
lined in Chapter 3, and will be further discussed later in 
this chapter. 
) Total elemental analysis of an iron-pan. 
Analytical data for the iron-pan (Bs ho zon) and adjacent 
s ls (Brs and C horizons) are given in Table 6.7. The Fe 
concentration is higher in the iron-pan than in the adjacent 
soils, whi the Mn concentration is lower. The leve of the 
other elements are all low, and similar to those of the 
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TABLE 6.7 IRON-PAN (Bs Horizon, Ok Profile) 
Analytical Data for Iron-pan and Adjacent 
Horizons 
Ti v Cr Mn Fe Co Ni Cu Zn 
HORIZON (%) -1 ( f.lg g ) (%) (f.lg -1 g ) 
Br3 (soil) 0.45 35 12 111 0. 25 4 5 5 11 
Bs (iron pan) 0.49 60 17 101 1.56 3 4 4 11 
c (soil) 0. 49 36 12 173 0.41 5 16 4 18 
adjacent horizons. These results contrast with those found 
for the concretions. The most striking feature of the data 
is the 4 to 5-fold increase in the levels of Fe in the iron-
pan, compared with the adjacent horizons. This is most likely 
due to the mobilization of Fe in the upper horizons under the 
gleying conditions of the Ok profile, and its movement down 
the profile, probably as organic complexes, to the pan. A 
notable feature of the pan is that the Fe to Mn ratio is 154, 
while in the concretions, this ratio is about 2. This can be 
attributed to greater loss of Mn from the Ok profile during 
weathering. 
(iii) The amount of trace elements extracted from soils 
and concretions. Less than 2% of the total Si, Al, Fe, ~m and 
Cu content of the concretions, and about 10% of the Zn, were 
extracted with sodium pyrophosphate (Table 6.8). Considerably 
higher amounts were extracted by ammonium oxalate - 3 and 13% 
of the total Si and Al respectively, 60% of the Fe, 81% of the 
Zn, 45% of the Cu, and 95% of the Mn (Table 6.9). Ammonium 
oxalate is reputed to extract mainly non-crystalline 
t . 1174 rna erla . The high oxalate-extractable levels of ~m, Fe, 
TABLE 6. 8 WATERTON SAMPLES 
The Amount of Trace Elements Extracted by Sodium PyroEhOSEhate, ExEressed as a 
-1 Concentration (~g g ) of the SamEle, and as a Percenta~e of Total Content 
of that Element in the S arentheses) . 
SOIL AND Si Al Fe Mn Cu Zn 
HORIZON -1 (].lg g ) 
s ls 
l Brs 3080(0.94) 21(0 .02) 640(1.30) 127(3.3) 0 ( 0) 2(2.2) 
2 Br 3310(1.02) 300(0.40) 950(2.21) 10 8 ( 7. 7) 0 ( 0) 2(2.7) 
3 Brsl 2900 (0. 89) 186(0.35) 910(1.85) 103(1. 7) 0 ( 0) 7 ( 5. 1) 
3 Brs2 3280(0.98) 194 (0. 42) 970(2.04) 67(0.75) 0 ( 0) 6 5 ( 44) 
I-I£ an ( 0. 9 7) ( 0. 30) (1.02) (5 .1) (0) (l3.S) 
Concretions 
--
l Brs 4260 (1.58) 512(0.83) 1340(1.40) 34 (0 .06) 0 ( 0) 26(11.9) 
2 Br 4 0 ( l. 51) 33(0.04) 570 (0 .68) 5(0.01) 0 ( 0) 18(11.3) 
3 Brs 4400 (1.90) 257 (0. 48) 1450 (1.08) 21(0.03) 0 ( 0) 41(9.6) 
3 Brs1b 3810(1.85) 0 ( 0) 1480(0.96) 9(0.01) 0 ( 0) 49 (7 .6) 
3 Brs2 4210(1.46) 32(0.05) 920(0.85) 4 ( 0. 0 1) 0 ( 0) 42(9.4) 
Mean (1.66) {0 .28) (0.99) {0 .02) { 0) { 10.0) 
a,b Concretion sizes 5 and 15 mm in diameter respectively. 1-' 
-..J 
0 
TABLE 6. 9 WATERTON SAMPLES 
SOIL AND 
HORIZON 
Soils 
l Brs 
2 Br 
3 Brsl 
3 Brs2 
.He an 
Concretions 
l Brs 
2 Br 
3 Brsl a 
3 Brslb 
3 Brs2 
Mean 
The Amount of Trace Elements Extracted by Ammonium Oxalate, Expressed as a 
Concentration (%) of the Sample, and as a Percentage of the Total Content of that 
Element in the Sample (in parentheses) . 
Si 
0.57(1.8) 
0.77(2.4) 
0.64(2.0) 
0.64(1.9) 
0.66(2.0) 
0.64(2.4) 
0.64(2.3) 
0.87(3.8) 
0.81(3.0) 
0.86(3.0) 
0.76(3. 
Al 
0.60(6.9) 
0.83(8.4) 
0.68(6.8) 
0.87(9.3) 
(7.9) 
1.08(17.6) 
0.74(9.9) 
0.74(13.9) 
0.50(10.9) 
0.74(12.2) 
(12.9) 
Fe 
(%) 
1.30(26.4) 
l. 3 3 ( 30.9) 
1.96(39.8) 
1.73(36.3) 
1.58(33.4) 
5.69(59.3) 
3.79(45.0) 
9.27(69.2) 
10.4(67.5) 
6.61(61.2) 
7. 15 ( 6 0. 4) 
Mn 
0 • 30 ( 7 8. 9) 
0.12(85.7) 
0.62(100.0) 
0.71(79.8) 
0.44(86.1) 
4.86(88.0) 
3.59(98.4) 
7.18(97.2) 
8.63(106.5) 
5.53(83.5) 
5.96(94.7) 
Cu Zn 
(flg g-1) 
3(30.0) 
6(26. 
4(21.1) 
4(21. 
4.3(24.6) 
9(50.0) 
57(67.0) 
21(46. 7) 
11(7.5) 
31(53.4) 
26(44.9) 
69(75.8) 
31(41.3) 
95(69.3) 
71(48.3) 
67(58.7) 
171(78.4) 
127(79.4) 
430 {100) 
329(60.6) 
39 3 ( 8 8 .1} 
290(81.3) 
a,b Concretion sizes 5 and 15 mm in diameter respectively. 1-' 
-.J 
I-' 
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Cu and Zn, particularly for the concretions, suggest that 
these elements are present in non-crystalline hydrous oxides. 
It is probable that the high levels of extractable Cu and Zn 
are due to these elements being liberated as the Mn and Fe 
hydrous oxides are dissolved by the ammonium oxalate. The 
low levels of oxalate-extractable Al and Si, in contrast, 
suggest these elements are present in mainly crystalline form. 
The low levels of , Al, Mn, Fe and Cu extracted by 
sodium pyrophosphate, which is claimed to remove organic 
bound material118 , suggest that little of these elements, in 
the concretions, is present in an organic bound form. About 
10% of the Zn in the concretions is associated with organic 
matter. 
(iv) The amount of trace elements extracted from the 
~ron-pan. Low leve of Si, Mn and Zn were extracted from 
the iron-pan with both ammonium oxalate and sodium pyrophos-
phate (Table 6.10). Comparab levels of Al (10% of the 
total Al) were extracted by both extractants. The proportion 
of total Fe extracted by ammonium oxalate was 56%, while 41% 
of the total Fe was extracted by sodium pyrophosphate. 
Most of the non-crystalline Al and Fe in the iron-pan 
was extracted with ammonium oxalate. The levels of Aland Fe 
extracted by sodium pyrophosphate were similar to the leve 
extracted with oxalate and therefore, this Al and Fe is 
present as organic bound Fe and Al. 
Levels of sodium pyrophosphate extractable Al and Fe 
1n the iron-pan are higher than for the concretions, suggest-
ing that organic mate al is more important in the formation 
of the iron-pan than the concretions. For the formation of 
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TABLE 6.10 IRON-PAN (Bs HORIZON, Ok PROFILE) 
Concentrations of Elements Extracted by 
Ammonium Oxalate and Sodium Pyrophosphate 
and as a Percentage of the Total Amount 
in the Sample (in parentheses). 
Horizon Mn Fe 
Ammonium oxalate extraction 
Br3 
Bs 
c 
0 ( 0) 
8 ( 8) 
0 ( 0) 
60(2.4) 
8730(56.0) 
870 (21.2) 
Zn 
-1 (]Jg g ) 
Al 
12(109) 1360(5.3) 
8(73) 3660(14.2) 
13(72) 5830(18.3) 
Sodium pyrophosphate extraction 
Brs 
Bs 
c 
0 ( 0) 
0 ( 0) 
0 ( 0) 
0 ( 0) 
6 410 ( 41.0) 
390(9.5) 
0(0) 1170(4.6) 
11(100) 3620(14.1) 
0 ( 0) 3 2 40 ( 10 . 2) 
Si 
0(0) 
420(0.1) 
2130(0.5) 
10 ( 0) 
s 2 o ( o·. 1) 
0 ( 0) 
iron-pans, which often occur in the B horizons of podzolized 
'1 18 SOl s I it was initially thought that humic acids from the 
litter horizon dissolved Fe and Al sesquioxides from the A2 
horizon116 , 175 . McKeague showed that much of the Fe, extract-
ed by ammonium oxalate, from the B horizons of podzols, was 
also extractable with sodium pyrophosphate, and was therefore 
. b . dll6 organ1c oun However, podzolization can occur without 
any humic acids from the litter horizon dissolving in the 
water; if humic acids are dispersed from the litter, they are 
not able to solublize iron hydroxide films 2 
Mob~lization of Al and Fe is probably achieved by 
some soluble organic compounds which the rain washes off 
living or recently dead leaves or vegetation. These compounds 
include polyphenols which, under acid conditions, can reduce 
ferric iron to form water soluble complexes with both ferrous 
d 1 . . . 176 an a um1n1um 1ons . 
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There is still uncertainty over the reasons for the 
precipitation of Fe and Al ions in the B horizons of podzols. 
Probably, initial deposition begins as the soil dries out in 
summer, resulting in an oxidation of the ferrous polyphenol 
compounds, forming rric hydroxides 2 Once deposition has 
started, it will continue more readily, since the ferrous 
polyphenols can be absorbed by the ferric oxide surface, and 
be oxidized177 , probably with the assistance of bacteria178 . 
5. Electron microprobe analysis 
One aspect of the present study of the concretions 
and the iron-pan, was to find any structural or analy cal 
relationship 
probe was used 
tween the various elements. An electron micro-
this study, to determine directly the 
relationships between ~m and Fe and the other trace elements 
in the concretions and iron-pan. 
(i) Results of concretion study. 
(a) Point analysis. Approximately 30 to 40 points 
on each concretion sample were analyzed using an electron beam 
of 1 ~m in diameter. In addition to counting on areas se ct-
ed at random, a search was made for areas of high Mn and Fe. 
Effort was also made to ensure that the points analyzed were 
at widely separated positions on the sample and not from just 
one small area. The concentrations found, expressed as a 
percentage by weight composi on (Tab 6.11 to 6.13) ranged 
from <0.01 to 54% for Mn, from 0.2 to 47% for Fe, from 0.1 to 
12% for Al, 0.1 to 45% for Si, and <0.01 to 32% forTi. The 
concentrations of v, Co, Ni, Cu and Zn were all less than 1.2% 
and if the level of an element was <0. 0 it was considered 
as not detectable (n.d.). For each concre n, correlation 
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coefficients (Table 6.11 to 6.13) were calculated for each 
pair of elements, using all the data. It is pertinent to 
qualify the use of correlation coefficients in the context of 
treatment of electron microprobe data. The Pearson correla-
tion coefficients calculated for the present data provide a 
valid estimate of the association between two variables only 
if the data are approximately normally distributed179 
Scattergrams, of microprobe data, for different pairs of 
elements showed that the data the small Brsl and the 
Brs2 concretion had an approximately normal distribution, but 
that the larger Brsl concretion, a logarithmic distribut-
ion was sometimes evident. An example of this is shown in 
Figure 6.2 which shows the variation of Mn concentrations 
with Zn concentrations. The cause of the non-normal distrib-
60 
:Mn(%) 40 
20 
XI' 
0 0.2 0.4 
Zn ( %) 
gu~e 6.2. Scattergram of Mn and Zn concentrations the 
3-Brsl Concretion. 
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ution is the non-random sampling procedure used in order to 
select areas of high Mn and high Fe concentrations. The high 
Zn concentrations which correspond to higher Mn concentrations 
are scattered widely, whereas at low Zn concentrations there 
is a closer grouping of points. The effect of this distrib-
ution is that, statistically, it behaves as two points rather 
than as a distribution of 40 points. This e ct can be 
minimised by a logarithmic transformation of the data. 
Calculation of correlation coefficients using log 
data was carried out (for the large Brsl concretion) on all 
pairs of elements with Mn and Fe. 
A summary of signi cant correlation coefficients is 
given Table 6.14. Most significant correlations (both 
positive and negative) were found for the large 3-Brsl con-
cretion. The elements Si, Ti and Fe are all highly signif-
icantly correlated, while there lS also a signi cant correl-
ation between Al and Fe. There is a highly signi cant posi-
tive correlation between Mn and Co, Ni and Zn, and between 
Fe and V. The elements Mn, Co, Ni and Zn have signi cant 
negative correlations with Al, Si, and Fe. These results 
suggest that the elements fall into two groups, namely Al, Si 
Ti, Fe, and Mn,Co,Ni and ·Zn. Copper does not correlate strongly 
with any of the other elements, and V correlated with Fe. 
For the smaller concretion from the 3-Brsl horizon, 
similar though less pronounced correlations are found (Table 
6.14), with Mn highly significantly correlated with Co and Zn, 
and this case Fe significantly negatively correlated with 
Si. licon is also negatively correlated with Co. 
For the third concretion, 3-Brs2, the pattern of 
TABLE 6.14 
177 
CONCRETIONS 
Summary of Significant Correlations Found 
From Electron Microprobe Data for 
Concretions 
POSITIVE ffiRREIATIOO ffiEFFICIENT NEGATIVE ffiRRELATION ffiEFFICIENT 
Significanta Highly Significant Significant I High Significant 
Sample .3-Brsl(Large) 
Al Fe ·si ,Ti 
Si Al,Ti,Fe 
Ti Al,Si,Fe 
Mn Co,Ni,Zn 
Fe Al Si,Ti,V 
Sample 3-Brsl (Small) 
Al 
Si 
Ti V,Ni 
Mn Co,Zn 
Fe 
Sample 3-Brs2 
Al Si 
Si Al 
Ti v 
Mn Ni ,Cu, Zn 
Fe 
a Significant at 1% level 
Zn 
Co 
Co 
Ti 
Fe,Co 
Al 
Si 
Mn,Ni,Zn 
Co 
Ni 
b High significant at 0.1% level 
Mn,Ni 
Mn,Ni,Zn 
Mn,Ni,Zn 
Al , S i , Ti , V, Fe 
Mn,Ni,Zn 
Fe 
Mn, Zn 
correlation coefficients resembles more closely that of the 
large 3-Brsl concretion. The elements Al and Si are positive-
ly and highly significantly correlated, and Si is negatively 
correlated with Mn, Ni and Zn, as is Fe. Manganese is posit-
ively and highly significantly correlated with Ni, Cu and Zn. 
As well as calculating correlation coefficients, the 
data for each concretion was analyzed to see if there was any 
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significant di renee in the concentration of the elements 
with the type of area in which it was found. The areas sel-
ected were high Mn areas (concentration >25% Mn), high Fe 
areas (concentration >25% Fe}, and low Mn and Fe areas. The 
cut-off tween high and low areas is somewhat arbitrary, but 
does not greatly influence the overall relationships. The 
means and standard deviations for the concentrations of each 
element were calculated in the high Fe, high Mn and low Mn/Fe 
areas (Tables 6.11-6.13}. The differences between the means 
for each element were then tested using the student's t test. 
The results are presented in Table 6.15, in terms of the 
probability that there no significant difference between 
the means. 
TABLE 6.15 Probabi that there is no S ficant 
Di renee between the Means of the Var-
ious Elements in H 
SAMPLE 
<0.001 
concretion 3-Brsl 
Elements with highest con-
centration in high 1Yin areas Ni, Zn 
Elements with highest con-
centration in high Fe areas Si, Ti, V 
1 concretion 3-Brsl 
Elements with highest con-
centration in high f.'ln areas Zn 
Elements with highest con-
centration in high Fe areas 
Concretion 3-Brs2 
Elements with highest con-
centration in high Nn areas Zn 
Elements with highest con-
centration high Fe areas 
Mn and Hi Fe Areas 
PROBABILITY 
<0.01 <0.02 0.2 
Co Cu 
Al 
Co 
Ni Cu 
v 
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Enrichment within the various areas of the concretion 
can be seen from the ratio of the concentration of an element 
in the concretion to the concentration in the surrounding 
soil (Table 6.16). Data from the chemical analysis of bulk 
concretions is also included in this Table. 
(i) Large concretion, 3-Brsl horizon. For the elements 
Al, Si, Ti and V, the mean values (Table 6.11) are higher in 
the high Fe areas, and are significantly different to the 
mean levels found in the high Mn areas (Table 6.15), suggesting 
that there are more soil particles associated with the Fe 
areas. In the low r~/Fe areas, the levels of Al, Si and 
are, as expected, even higher (Table 6.16). There no 
enrichment of Al, Si and Ti in the concretion as all the con-
cretion to soil concentration ratios are <1. For V in high 
Fe areas, the concretion to soil concentration ratio is 4 
times the concretion to soil ratio of the bulk concretion, 
indicating a signi cant enrichment of V in these areas. 
The concentrations of Co, Ni, Cu and Zn are higher in 
Mn rich areas and the mean concentration for each element is 
significantly di rent to the mean in the high Fe areas 
(Table 6.15). For these elements, the greatest enrichment 
occurs in the Mn areas of the concretion, as indicated by the 
concretion to soil concentration ratios (Table 6.16), which 
are also much greater than the concretion to soil ratio for 
the bulk concretion values. Except for Zn, the concretion to 
soil ratios are greater in the Fe areas than the ratio for 
the bulk concretion, indicating at Co, Ni and Cu are also 
enriched, but to a lesser extent, in the high Fe areas. 
The enrichment of Zn in the high Mn areas is nearly as 
TABLE 6.16 WATERTON CONCRETIONS 
-
chment of Elements thin the Various Areas of the and in the 
Bulk Concretion, compared with the Surroundin~ Soils 
CONCRETION. TO SOIL CONCENTRATION RATIO 
Concretion 3-Brs l (small) 3-Brs 2 3-Brsl (large) 
Area High Mn High Fe lDN Mn/Fe Bulk High Mn High Fe IDw }1n/Fe Bulk High Mn High Fe li:Jw Mn/Fe :Bu.:I.K 
ooncretiona Concretion Concretion 
Al 0.55 0.46 0.64 0.46 0. 37 0.42 0.68 0.65 0 .12' 0.27 0 .57 0 .54 
Si 0.50 0.45 0.75 0.63 0.25 0.26 0.56 0.85 0 .0 2 0.27 0. 39 0.71 
2.1 2.6 8.71 0.59 3.8 1.2 7.3 0.69 0.04 0.27 0.65 0.63 
v 1.5 4.0 4.9 1.0 2.3 3.5 5.5 1.3 1.1 4.4 2.0 1.0 
Mn - 5.2 9.2 13.1 - 7.2 5. 4 7.4 - 5.5 10.4 11.9 
Fe 1.0 - 0.97 3.1 0.98 - 2.3 2.3 0.47 - 1.8 2.7 
Co 36.2 19.2 9.2 8.8 15.4 17.1 5.4 5.3 30.0 11.5 3.8 9.3 
Ni 5.5 3.5 3.5 1.7 28.0 8.0 4.0 2.1 19.4 3.2 - 2.0 
Cu 8.9 8.4 6.3 7.7 18.9 11.1 9.0 3.1 15.8 5.3 - 2.4 
Zn 8.8 3.1 2.2 4.0 17.7 4.4 2.0 3.0 25.5 2.6 6.6 3.1 
High Mn/Fe lDN Mn/Fe High J'.'.ll1/Fe Low M1/Fe High Mn/Fe li:Jw Mn/Fe 
Al 0.51 0.64 0. 39 0 .6 8 0.20 0.57 
Si 0.48 0.75 0. 25 0 . 56 0 .14 0. 39 
2.3 8.7 2.5 7.3 0 .15 0.65 
a From Tables 5.8 and 5.16 
f-' 
co 
0 
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great as for Co, and taking into account that there is over 
4 times as much Zn in the soil than Co, it could be claimed 
that Zn is the more strongly enriched of the four elements 
Co, Ni, Cu and Zn. Of the elements enriched in the high Mn 
areas, Cu is the least enriched, and while Cu _is higher in 
Mn areas than the Fe areas, the significance of this differ-
ence is not great (p < 0.2). This is portrayed diagramatic-
ally in the distribution histogram for Cu in the high ~ill and 
Fe areas (Figure 6.3). A similar histogram for Zn shows 
clearly the distinct enrichment of Zn in the high Mn areas. 
The levels of Fe in the Mn rich areas are less than 1n 
the surrounding soil, but for Mn, in the Fe rich areas, an 
enrichment factor of 5-6 occurs (Table 6.16). In the low 
Mn/Fe areas, the concretion to soil ratios for both Mn and 
Fe are similar to that obtained for the bulk concretion ratio. 
(2) Small concretion, 3-Brsl horizon. This concretion 
is different in some respects to the larger sample from the 
same horizon. The levels of Al and Si, even in the Mn and Fe 
rich areas, are quite high, and as a consequence, the Mn and 
Fe levels are significantly lower than in the large concretion 
(Table 6.12). From the concretion to soil concentration 
ratios (Table 6.16), it can be seen that the Si content of 
areas low in Mn and Fe in the concretion is 75% of the levels 
in the soil, while for Al, 64% of the level in the soil. 
Even in the high Mn and Fe areas, the levels of Si and Al are 
approximately 50% of the soil levels. Therefore, the smaller 
concretion has a greater proportion of soil particles, a fact 
which supports the suggestion that the soil particles act as 
nuclei for concretion formation and therefore,there will be 
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5 Cu in high Mn area 
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0 
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::J 8-tJi 
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~ Cu in high Fe area 
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Concentration (%) 
Zn in high Hn area 
8 
0.6 
Zn in high Fe area 
I I 
0 0.3 0.6 
Concentration (%) 
Figure 6.3. Distribution histograms for Cu and Zn in large 
concretion, 3-Brsl. 
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a bigger proportion in small concretions. 
In this concretion the levels of are as high as 20 
to 30% at some areas. In general, the highest levels co-
incide with areas of low Mn and Fe. The high Ti spots (>5% 
Ti) are associated with the highest values of Vi the differ-
ence in the mean V concentrations in the low and high 
areas is highly signi cant (p < 0 .001). There is also a 
highly significant positive correlation coefficient (0.955) 
between Ti and V this sample (Table 6.12). There is no 
significant correlation of Ti with Fe, suggesting that the 
titanium does not occur as the mineral ilmenite (FeTi0 3). 
Only Co and Zn have significant concentration differ-
ences between high Mn and high Fe areas (Table 6.16). Nickel 
and Cu are equally distributed between the Mn and Fe areas. 
The di rences between the two concretions (from the 3-Brsl 
horizon) highlight the problems of comparing results from 
di rent samples. di rences may be related to size, 
and hence the age of the concretions. If this is the case, 
then the fact that the levels of iron in the Mn ch areas 
are higher in the small concretion (5.0% as compared with 2.3%) 
could suggest that in the early stages of concretion formation, 
both Mn and Fe deposits are important, while at a later 
stage the elements become more segregated. 
(3) Concretion from the 3-Brs2 horizon. This concretion 
appears, from the microprobe point analys , to be intermedi-
ate in its formation, to the small and large 3-Brsl concret-
ions - this is borne out by its size which is 9 mm in diameter. 
The levels of Al and Si are also high in this concretion 
(Table 6.13) - the Aland Si contents of areas low in Mn and 
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Fe are 56% and 68% of the levels in the surrounding soils, 
respectively (Table 6.16). 
At the same spots the levels of Ti are quite high 
(4.4- 14%), and as for the small concre on these correlate 
with high V levels. The fact that the V levels are signif-
icantly different (p < 0.10) between high Mn and high Fe 
areas (Table 6.15) tends to support the contention that the 
Brs2 concretion is at an intermediate stage of development 
between the small and large 3-Brsl concretions; the large 
Brsl concretion shows a highly significant difference for V 
between the high Mn and high Fe areas, while no difference 
occurs for the small Brsl concretion (Table 6.15). 
Nickel, Cu and Zn are significantly enriched in the Mn 
areas of the 3-Brs2 concre on (Tables 6. and 6.16). It is 
interesting to note that in this concretion, Co does not have 
a greater enrichment in the high Mn area; in fact, it is 
marginally more enriched in the high Fe areas. 
Hence, on the basis of the point analyses, what appear-
ed to be three similar concretions have some marked differ-
ences. This may also be seen by considering the enrichment 
of the elements in a particular area compared with the enrich-
ment in the bulk concretion (Table 6.17). 
Regression analysis of the concentrations of Mn versus 
Co, for each concre on, produced lines of similar slope, 
suggesting that although there may be differences between the 
concretions, there are similar variations in the concentrations 
of Mn and Co in all three concretions. Similar results were 
obtained for regression analyses of concentrations of Mn and 
Zn, Fe and Co, and Fe and Zn. 
TABLE 6.17 WATERTON CONCRETIONS 
--
Enrichment Factors a of Elements in Different Areas of the Concretions, Compared 
with their Concentrations in the Bulk Concretions 
ENRICHMENT FACTORS FOR CONCRETIONS 
Concretion 3-Brsl (small) 3-Brs2 3-Brs (large) 
Area 
Al 
Si 
Ti 
v 
Co 
Ni 
Cu 
Zn 
Al 
Si 
a 
Hlgh Mn High Fe Low Mn/Fe H1gh :r.-m Hlgh Fe Low Mn/Fe High Mn High Fe Low Mn/Fe 
1.2 1.0 1.4 0.6 0.6 1.0 0.2 0.5 1.1 
0 . 8 0.8 1.2 0. 3 0. 3 0.7 0 .0 3 0 . 4 0.6 
3.6 4.3 14.8 5.5 1.8 11.0 0.07 0.4 1.0 
1.5 4.0 4.9 1.8 2.7 0.9 1.1 4.3 2.0 
4.1 2.2 1.0 2.9 3.3 1.0 3.2 1.2 0 . 4 
3.2 1.4 1.4 13.5 3.8 1.9 9.7 1.6 
1.1 1.1 0.8 6 . 2 3.6 2.9 6.7 2.2 
2.2 0.8 0.6 5. 8 1.5 0.7 8.2 0.8 2.1 
High Mn/Fe Low Mn/Fe High Mn/Fe Low Mn/Fe High Mn/Fe Low Mn/Fe 
1.1 1.4 0.6 1.0 0.4 1.1 
0.8 1.2 0. 3 0.7 0.2 0.6 
4.0 14.8 7.3 10.6 0.2 1.0 
Enrichment factor = concentration of element in certain area/concentration in bulk concretion. 
1-' 
co 
U1 
186 
The differences could possibly be dependent on the 
sample and the sampling points. However, in each case, the 
section analyzed was a s ce through the concretion, to give 
maximum surface area, and a representative cross-section. 
The section areas analyzed were approximately 20 mm2 (3-Brsl 
small), 64 mm2 (3-Brs2), and 112 mm2 (3-Brsl large). In view 
of the number of points analyzed, the consistency of the 
results for any one concretion, and the effort made to select 
points from different positions on the slice, it seems unlike-
ly that the di 
be excluded. 
rences are due to sampling, though it cannot 
(b) Line analys Point analys yields information 
on elemental concentrations at points, while a line analysis 
gives information along a line, providing qualitative assess-
ment of interelemental relationships. 
A line analysis for the elements Al, Si, Mn, Fe and Co 
in the 3-Brsl (large) concretion is shown Figure 6.4. The 
result, presented as a plot of concentration against distance 
along the line, indicates that there is a definite segregation 
of Al and Si from Mn and Fe, and of Mn and Fe from each other. 
This result lends support to the method used in the previous 
section of separating the data into high Mn and high Fe areas. 
The segregation corresponds to deposition of Mn and Fe 
hydrous oxides, at different times, and entrapping Al and Si 
containing minerals. The line scan for Co (Figure 6.4) 
illustrates a close association of Co and Mn along the line 
analyzed, in agreement with the point analyses results. 
(c) Photographic analysis. A photographic record of 
an oscilloscope display of the elemental stribution in two 
187 
Si 
Al 
Fe 
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.Mn 
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Figure 6.4. A line analysis for the elements Si, Al, Fe, ~m 
and Co in the 3-Brsl (large) concretion. 
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dimensions was obtained. The photographs in Figure 6.5 are 
for the distribution of Al, Si, ~m and Fe in an area of 
approximately 2300 ~m2 on the concretion sample 3-Brs2. The 
other trace elements were too low in concentration to be 
detected by this method. A secondary electron image (S.E.I.) 
showing the surface atures of the same area is also given. 
In the photographs, a greater concentration of white dots 
corresponds to a greater concentration of the element. The 
photographs show that Al and Si are distributed over the 
entire area except for two diagonal regions. Manganese and 
Fe, however, are less evenly distributed, and in the case of 
Mn, mainly concentrated in the regions of low Al and Si 
concentrations - that is in the two diagonal regions. The Fe 
in the area photographed is more evenly distributed than Mn, 
though it also shows elevated levels in the vicinity of the 
two diagonal regions observed for ~m. It is apparent from 
the photographs that the high concentrations of Mn lie 
adjacent to areas of high Fe, but are not coincident with 
them. This confirms the suggestion that the deposition of Mn 
and Fe oxides occurred at different times. 
(ii) Results of the iron-pan study. 
(a) Point analysis. Twenty three and 33 separate 
points on two samples of the Ok iron-pan were analyzed using 
an electron microprobe. Both random point counting and 
searches for areas high in Ti, Mn and Fe were carried out. 
The highest levels (as a percentage composition by 
weight) obtained in the areas analyzed (Tables 6.18 and 6.19) 
were 16% ( ) , 47% (Si), 41% (Ti), 3.2% (Mn) and 37% (Fe). 
The levels found for Co, Ni, Cu and Zn were in almost 1 
18.8 ~ 
I 
Figure 6.5. Concretion (3-Brs2). Photographs showing the 
secondary electron image (S.E.I.,surface features), 
and the distribution of the elements Mn, Fe, Si and 
Al in a section of the concretion. 
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cases <0 .10%, and often <0. 01% - the level which was taken as 
the limit of detection. 
The correlation coefficients (Tables 6.18 and 6.19) 
were calculated for each pair of elements for each sample. 
Listed in Table 6.20 is a summary of significant correlations 
found for the iron-pan samples. In sample 1, Al and Si are 
positively correlated, while both are negatively correlated 
with both Ti and Mn. There is a highly significant positive 
correlation between Ti and ~J!n, and Mn lS also significantly 
correlated with both Cu and Zn. Iron is negatively correlat-
ed with Si. 
In sample 2, Al and Si are negatively correlated with 
Ti, V, Mn, Co, Ni, Cu and Zni and Mn are again highly 
signi cantly corre d, and both are correlated with V, Co, 
Ni, Cu and Zn (0.1% level). Iron signi cantly correlated 
with Co and Zn. 
The analytical results suggest that the iron-pan 
consists of two distinct phases - an aluminosilicate phase 
and a Ti-~m phase. It the latter area where the trace 
elements are enriched. 
as 
in a 
The data for each iron-pan sample was also analyzed 
the concretions, to see if elements were related 
gnificant way, to the areas analyzed. The areas in 
this case were classified as low and Fe, high Ti and Fe, 
high Ti, and high Fe, and the analytical data given in Tables 
6.18 and 6.19 is grouped in th way. 
The means and standard deviations for the concentrat-
ions of each element were calculated for the various groupings 
shown in Table 6.21. The dif rences between the means were 
TABLE 6. 20 
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IRON-PAN 
Summary of Significant Correlations Found 
for Iron-pan using Electron Microprobe 
Analysis 
POSITIVE O)RRELATION ffiEFFICIENT NEGATI'iJE ffiRREIATION ffiEFFICIENT. 
Significant Highly Significant Significant Highly Significant 
Sample 1 
Al Si Ti,Mn 
Si 
Ti 
Mn 
Al 
Mn 
Cu, Zn Ti 
Ti 
Si 
Mn,Fe 
Al 
Al,Si 
Fe Si 
s le 2 
Al Co,Ni,Cu Ti,V,Mn,Zn 
Si Co Ti,V,Mn,Fe,Ni,Cu,Zn 
Ti V,Mn,Co,Ni,Cu,Zn Al,Si 
Mn TirV,Co,Ni,Cu,Zn Al 1 Si 
Fe Co,Zn Si 
a Signi cant at 1% level 
b Highly signi cant at 0.1% level 
then tested using the student's t test. The results are 
listed in Tab 6.21, in terms of the probability that there 
is no significant difference between the means. Also listed 
in Table 6.21 is the iron-pan to surrounding soil concentrat-
ion ratio for each element. 
It can be seen from Table 6.21 that Al and Si occur 
mainly in the areas of low Ti and Fe, and to a lesser extent 
in the high Fe only areas. One point analyzed in sample 2 
contained 47.2% Si - this spot must have been practically a 
pure quartz grain. 
The remaining elements, V, Mn, Co, Ni, Cu and Zn, 
display the same pattern. The levels in the high Ti/Fe areas 
TABLE 6.21 OKARITO IRON-PAN 
in Various Areas of the Iron-pan, as determined by Students' t Test, and the Iron-
Ean to Soil Concentration Ratio 
PROBABILITY IRON-PAN TO SOIL 
CONCENTRATION RATIO 
Element Area of Concretion Sample 1 Sample 2 S~ple 1 Sample 2 Bulk 
iron- an 
Al Low Ti/Fe < 0. 00 l <0 .001 3.18 2.46 
High Ti; High Ti/Fe 0 • :20 0. 25 
High Fe <0.001 <0.001 2.13 2.32 
High Ti; High Ti/Fe 0. 20 0.25 
Si Low Ti/Fe < 0 .00 l <0.001 0 .6 3 0. 46 
High Ti/Fe 0 .o 3 0.04 
High Fe < 0 .0 2 < 0. 00 l 0.11 0.27 
Ti/Fe 0 .0 3 0 .o 4 
v High Ti/Fe; High Ti < 0 .10 <0.001 60 31.4 1.7 
Low Ti/Fe; High Fe 
-
5.7 
.t<ln High Ti/Fe; Ti <0.001 <0 .001 142 113 0.71 
Low Ti/Fe; High Fe 
-
0.92 
Co High Ti/Fe; High Ti < 0. 2 0 .01 20 72 0. 60 
Low Ti/Fe; Hiqh Fe - 26 
Ni High Ti/Fe; High Ti > 0. 2 < 0. 002 80 24 0.40 
i High Fe 
- 6 - ....-z 
i High Ti < 0 .0 2 <0.02 20 74 0. 80 
Low Ti/Fe; High Fe 
- 28 - 1--' 
1.0 
Zn High Ti/Fe; High Ti < 0 .10 < 0 .00 l 27 36 0. 70 N 
Low Ti/Fe; High Fe 
-
10.7 
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and the high Ti only areas were signi cantly different 1 and 
higher compared with the levels in the low Ti/Fe and Fe only 
areas. Since these elements are at low to not detectable 
levels in areas with just high Fe (for examp Zn - in 
the high Fe only area 1 the mean concentration is 0.02%, while 
in gh Ti/Fe area, the mean concentration is 0.06% 
(Table 6.21)), this suggests the elements Co, Ni, Cu and Zn 
are enriched the iron-pan because of the enrichment of ~m 
in high Ti/Fe and high Ti areas (Mn is enriched 113 times 
in the iron-pan sample 2 in these areas compared with sur-
rounding soil). However, cause of the relatively high Fe 
concentrations in the high Ti/Fe areas, the ef ct of Fe in 
these circumstances cannot be ruled out. 
The elements V, ~m, Co, Ni, Cu and Zn are all higher 
in concentration in the iron-pan relative to the surrounding 
soil, in the areas of high Ti/Fe, and also in the areas of 
low Ti/Fe in the second iron-pan sample. This may be seen 
from the iron-pan to soil concentration ratios in Table 6.21, 
which range from 6 Ni in sample 2 to 142 ~in 
sample 1. fact that these elements (except V} are not 
enriched 1n the pan on the basis of bulk analysis (Table 6.21) 
is quite different to the iron-manganese concretions. 
(b) Photographic analysis. The photographs in Figure 
6.6 are of an area 2300 ~m2 , in sample 2 of the iron-pan. A 
particle, which is easily distinguishable in the secondary 
electron image (S.E.I.), seen to contain predominantly Ti, 
Fe and ~. The distribution of Si is high in all areas except 
for high Ti and Fe areas, and while the Al distribution 
is similar to that of Si, it is reduced and not as uniform 
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18.8 ]JlU 
Figure 6.6. Tron-:pan. Photographs showing the secondary 
electron image (S.E.I.,sur£ace features), and the 
distribution o£ elements rm,Fe,Ti,Si and Al in a 
section o£ the iron-pan (sample 2) . 
as for Si. The exposure times for Si, Ti and Fe were 10 
minutes, and for Al and Mn, 30 minutes. 
6. Discussion of 
element associations 
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The interelement correlations found from the electron 
microprobe analysis of concretions and an iron-pan, and the 
analysis of the data in selected areas of high Mn, Fe or Ti, 
show that the trace elements Co, Ni, Cu and Zn are enriched 
primarily in the high Mn areas and, to a lesse~ extent, in 
the Fe rich areas. Therefore, it is of interest to search 
for reasons for the enrichment of the trace elements in the Mn 
and Fe areas, and why their enrichment greater in the Mn 
areas. Possible contributing factors are (i) sorption, 
(ii) ionic replacement, (iii) crystal field energies, and 
(iv) lattice energies. While each of these will be considered 
in turn, it is very likely that each, to some extent, contrib-
utes to the enrichment process. 
The oxidation states of Mn and Fe in the concretions 
are of importance when considering the enrichment of trace 
elements. The Mn and Fe containing minerals identified in the 
concretions were goethite (Fe(III)OOH), lepidocrocite 
(y-Fe(III)OOH), hematite (Fe(III) 2o3), and birnessite 
( (Ca,Mg,Na 2 ,K2)xMn(IV)Mn(II) (O,OH) 2). In these minerals, Fe 
in the valent oxidation state 1 while Mn occurs in 
divalent and tetravalent states. It is also likely that Fe 
could be present in the divalent state in some of the poorly 
ordered oxyhydroxides. 
As was pointed out 1n Chapter 3 of this work, several 
authors have aimed that Co is concentrated by Fe(III) oxides, 
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even though it is now generally accepted that Co most 
significantly associated with Mn(IV) oxides. Burns 74 attemot-
ed to explain the observed Fe-Co correlations in soil concret-
ions in terms of rm-Co correlations by suggesting that the 
o-Mno2 phase is epatiaxially intergrown with FeOOH.nH2o. 
McKenzie173 , in an electron microprobe study of soil concret-
ions, found that Co and Ni were, in all samples studied, 
signi cantly correlated with Mn, and while Zn was correlated 
with Mn in half the samples, no correlations were observed 
between Cu and Mn. McKenzie also found significant negative 
correlations of Fe with Co and Ni, and in some cases, with Zn. 
It should be pointed out that explanations based on 
correlation coe cients can be misleading. Although negative 
correlations were obtained between Fe and eleiTents such as Co, 
Ni and Zn, the results of the present study indicate that en-
richment does occur in the high Fe areas, but more so in the 
high Mn areas. 
(i) Sorption. The results of the present study can be 
interpreted assuming the primary process involved is sorption. 
It is known from the ammonium oxalate extractions and the 
general lack of well de ned X-ray diffraction patterns for 
the concretions and iron-pan samples, that a large proportion 
of the Mn and Fe spe s is poorly ordered. The ammonium oxa-
late extractions indicate that 95% of the !·'ln in the concretions 
is in an unordered amorphous state, as is 60% of the Fe. Such 
non-crys line species have large surface areas available for 
the sorption of trace elements. These results suggest that 
there is a greater proportion of rm sorption surface than for 
Fe. 
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A general mechanism for the sorption of metal ions on 
oxides and hydrous oxides is the exchange of protons bound to 
the oxide surface with cations, according to the equilibriai 
.[\in+ + x ( -AOH) r===- M ( -AO)(n-x) + + xH+ , 
X 
where M is the metal ion sorbed, and (-AOH) and (-AO) are the 
sites on the oxide surface 85 . 
It has been reported85 , 171 that when Na+ or ca2+ ions 
(10- 3 mol dm- 3) were sorbed on to o-Mno2 , H+ ions were releas-
into the solution, but that no detectable manganese was 
found in the solution. However, when Co, Ni, Cu or Zn ions 
85 171 + 2+ 
were sorbed ' both H and ~m ions were found in solution, 
and that Co displaced more manganese than did the other ions. 
. f 2+ b 2+ . The reason g1ven or the greater release of Mn y Co 1ons 
'b d 't 'd . 3+ b "r ( I) Mn(IV) was attr1 ute to 1 s ox1 at1on to Co y t1n II or , 
d . . . t h 'd t 74,85,171 an 1ncorporat1on 1n o t e ox1 e struc ure . 
/ 
Several workers 66 ' 87 , 171 ' 180 have shown that trace 
element cations are sorbed onto the surfaces of the Mn and Fe 
hydrous oxides. However, since the zero point of charge for 
Mn oxides occurs around a pH of 2.0-4.0, the surface will be 
negatively charged at the pH values of most soils180 . In 
contrast, the hydrous oxides of Fe usually have a zero point 
of charge in the pH range 6.8-8.0, and so in many soils, these 
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oxides are positively charged, or near neutral . The con-
cretions studied in this work (3-Brsl and 3-Brs2 horizons) 
came from horizons with a pH of 7.0, and so the Mn oxides will 
be negatively charged, and Fe oxides probably near neutral. 
Hence, the cations will be preferentially attracted to and 
sorbed by the Mn oxides. It is suggested that this prob-
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ably the main reason why the trace metals are more strongly 
enriched in the high Mn areas, in the present samples. 
Murray et a1. 180 studied the sorption of Ni(II), 
Cu(II) and Co(II) on o-Mno 2 . They found that while the extent 
of Ni(II) sorption at around pH 4 is similar to that of the 
group II ions, Cu(II), and especially Co(II)', sorb much more 
strongly. + + Also, although Na and K can be desorbed by 
lowering the pH to that of the zero point charge, Ni(II), 
Cu(II) and especially Co(II) were not desorbed, even from 
positively charged surfaces. Such behaviour,they claim, can 
only be explained by the existence of a relatively large 
speci c adsorption potential, ¢+' of an ioni 
where r+ is the adsorption density in the Sternlayer, r is 
the radius of the adsorbed ion, C its equilibrium concentrat-
ion, and ~ 0 the surface potential. They calculated the 
specific sorption potenti s Co, Ni and Cu, obtaining a 
value of -7.9 kJ mol-l for Ni(II) and Cu(II) and a higher 
value of around -21 kJ mol-l for Co(II). They also proposed 
that the high speci c sorption potenti of Co may be due to 
a surface oxidation of Co(II) to Co(III), leading to an 
increase its specific sorption potenti 
Morgan and Stumm37 explained the high sorption capacity 
of o-Mno 2 for metal ions as due either to complex formation or 
ion exchange. They suggested that strongly hydrolyzable metal 
ions (Co, Ni, Cu and Zn) can be sorbed on o-r.mo2 to a greater 
extent than can weakly hy lyzable metal ions (group II ions). 
~mile sorption can explain the greater enrichment in the ~ln phases 
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over Fe, this is probably the initial step only, and further 
processes are involved in the incorporation of the metal ions 
into the hydrous oxides structure. 
(ii) Ionic replacement. As indicated above manganese 
is present as both Mn(II) and Mn(IV), while iron is likely to 
be present mainly as Fe(III), but possibly also as Fe(II) 
(especially at the stage where iron builds onto the concretion) . 
In the soil solution Co, Ni, Cu and Zn probably exist mainly 
in the divalent hydrated metal ion form. Since ionic potent-
ials (charge/radius) for the divalent ion forms of Mn, Fe, Co, 
Ni, Cu and Zn are similar (2.6-2.8 x 10-2 pm- 1}, simple ion 
exchange and isomorphous replacement between one metal and 
another can take place. Because of the greater sorption 
potential of hydrous Mn oxides for trace metal ions, there 
would be more opportunity for ion exchange and isomorphous 
replacement, leading to greater incorporation of trace metal 
ions into the hydrous Mn oxides. 
The divalent metal ions (ionic radii in Table 6.22) 
could also replace Mn(III) and Fe(III) ions {difference in 
radii <±15% 181), but they could not replace Mn(IV) ions. 
However, replacement of the trivalent ions (Mn(III) and Fe(III)) 
by divalent ions would not be favourable on a charge basis. 
If isomorphous replacement of the host ions by the divalent 
trace metal ions of Co, Ni, Cu and Zn was a determining factor 
in enrichment, then minerals containing Fe(III} would be 
favoured over minerals containing Mn{IV). However, Co(III) 
(low spin state) (53 pm) could replace Mn(IV) ions (54 pro) 
(except for the unfavourable charge), and provided a mechanism 
for oxidation exists, this could be important in explaining 
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the strong Co enrichment in the Mn phases compared with Ni(II), 
Cu(II) and Zn(II). However; it would seem that arguments 
based just on ionic ze do not readily explain the enrich-
ment of Ni, Cu and especially Zn in the high Mn areas of the 
concretions, nor why the hydrous Mn oxides are able to con-
centrate trace metals more than the hydrous Fe oxides. 
83 (iii) CrystaZ field energies. Glasby claims that 
crystal ld theory has a limited ro in the interpretation 
of trace element fractionation in sedimentary processes. 
This is said to be due to the fact that precipitation from 
aqueous solution is unlikely to change the crystal field 
stabilization energy of an ion, except where there is a 
h . . d . 87 c ange 1n ox1 at1on state . In Chapter 3, three processes 
achieving gains in crystal ld stabilization energy were 
outlined to explain the enrichment of cobalt: 1) Oxidation of 
Co(II) by Mn(III), 2) oxidation of Co(II) by Fe(III), and 
3) oxidation of Co{II) by Mn(IV). The changes free energy 
and CFSE for these processes are summarized below; 
f>CFSE 
MECHANISM f>G(kJ mol-l) {kJ rrol-1) 
Co(II) + Mn(III)s Co(III) + Mn{II) +32 +311 aq s aq 
Co (II) + Fe (III) Co(III)s + Fe{II) +103 +512 
aq s aq 
2Co (II) + Mn (IV) 2 Co ( I I I ) + Mn ( I I ) -60 +132 
aq s s aq 
Oxidation of Co(II} by Mn(IV) is seen to be the favoured 
thermodynamic process. Supporting evidence for this oxidation 
is reported by Murray and Dillard89 , who found that Co(III) 
was present on the surfaces of o-Mno 2 , after initial sorption 
of Co(II) ionsi no evidence was found for Mn(III) ions. 
ttffii Co is certainly strongly enriched in the Mn and 
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Fe areas of the concretions, and this may be interpreted in 
terms of a gain in C.F.S.E., the explanation is inadequate to 
explain the enrichment of Cu(II), Ni(II) and Zn(II) in the 
high Mn and Fe areas in the concretions. In each of these 
cases there would be a net loss of crystal field stabilization 
energy on substitution for Mn(IV) ions. 
(iv) Lattice energies. Crystal field energies account 
for around 10% of the stabilization energy in crystalline solids 
and so the lattice energy is the more important factor. All 
the minerals identified in the concretions of this study, 
hematite, goethite, lepidocrocite and birnessite, have the 
metal ions surrounded by an octahedral environment of 0 or 
74 155 OH groups ' . An approximate estimate of the order of 
lattice energies the various trace metal ions in the octa-
hedral cavities of the ~ill and Fe hydrous oxides can be made 
assuming that the replacement of divalent Co, Ni, Cu and Zn 
in the structure does not change the overall structure, or if 
it does the change is minor. This is reasonable since the 
proportion of trace metals included in the structure compared 
with the Mn and Fe ions, is very low (<0.3%). 
The approximation to the Born-Lande equation for 
1 . d 1 d b k . . 15 4 d att1ce energy, U, as eve ope y Kapus ns 11 was use 
for the estimations; 
u 
where z+ and z_ are the changes of the cation and anion, r+ 
and are the ionic radii for octahedral coordination, v is 
the number of ions in the simplest stoichiome c molecule, 
A is Madelung constant, and n is a constant, with a value 
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of 9. The values given in Table 6.22 are in terms of A and v. 
TABLE 6.22 Calculation of Lattice Energy Using the 
Kapustinskii Equation 
El.e:rrent Mn Mn Mn Fe Fe Co Co Ni Cu Zn 
Oxidation 
state II III IV II III II III II II II 
Ionic 
radii(pm)a 80 66 54 76 64 74 5~ 72 72 74 
Lattice -1123 -1798 -2546 -1143 -1816 -1154 -1825 -1165 -1165 -1154 
erergy _1 (A. v kJ nol ) 
a Ionic radius of o2- is 140 pm 
b Co(III) is the low spin state 
It is seen from the data in Table 6.22 that the struc-
tures with the greatest lattice energy contain the Mn(IV) ions, 
followed by Fe(III) and Co(III) ions. All the divalent ions 
result lower lattice energies. It does not seem, there-
fore, that lattice energy considerations by themselves explain 
the enrichment of the divalent me ions in the Mn and Fe 
phases of the concretions. The Co(III) ion appears to be the 
most likely to be incorporated into such a structure espec-
ially if it replaces Mn(II) or Mn(III). However, to do so 
the Co(II} ion has to be oxidised. 
The oxidation potential 
2+ 
Co(aq) + 
3+ 
Co ( aq) + e ' 
lS -1.82 V; however,this potenti 
the oxidation of Co(II} i 
is less the presence of 
coordinating agents. For example, in basic media, the pot-
ential is -0.17 V; 
Co(OH) 2 (s) + OH + CoO(OH) (s) + H20 + e, 
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and for the ammine complexes the potential is -0.1 V. Some 
means of stabilizing.the Co{III) oxidation state is necessary 
if this is to be an important factor because water rapidly 
reduces the uncomplexed Co(III) ion. The oxidation also 
likely to be catalysed by metal ions. Therefore, assuming the 
energy of oxidation is not cri cal, the problem resolves to 
one of exchange of metal ions in the lattice and a consequent-
ial change in the lattice energy. Because of the high lattice 
energy associated with the ~m(IV) ion, it would seem unlikely 
that this ion is the oxidizing agent, unless reduction of 
proceeded no further than to Mn(III). 
In summary, it appears that there is no adequate single 
explanation the enrichment of the trace metals in the high 
Mn and Fe areas, particularly in the Mn areas, other than an 
initial sorption process. It could well be that the incorp-
oration of metal ions into the concretions is then simple 
occlusion, that is the trace metal is entrapped by further 
precipitation of Fe and ~m oxides. The similarity in the 
ionic radii of the ions being considered and those of Mn(II) 
and Fe(II) (the forms exis ng in solution) would mean that as 
far as growth of the solid phases (that precipitation and 
occlusion) 
guishab 
is concerned, the various metal ions are indistin-
There fore, it suggested that a possible process 
is sorption, which would be most favourable for the ~ill phases, 
followed by occlusion. As regards the especially high en-
chment of Co, it would appear that sorre oxidation process lS 
necessary to account for it. However, as the results indicate, 
zn is also strongly enriched, and an oxidation process is not 
applicable here. Also, Zn is the largest of the valent 
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metal ions and could be expected to be the least strongly 
sorbed. However, the levels of Zn are greater in the soil 
than Co, Ni or Cu, and its strong enrichment may be a feature 
of its higher concentration pushing the sorption equilibrium 
reaction (p.l98) to the right. 
{v) Enrichment of vanadium in concretions and iron-pan. 
It can be seen from Tables 6.14 and 6.20 that Vis highly 
signi cantly correlated with Fe in the large 3-Brsl concret-
ion, and that in the two other concretions and the iron-pan, 
Ti is highly signi cantly correlated with v. In Table 6.17, 
it was also shown that V is enriched in high Fe areas compar-
ed with high Mn areas. 
The existence of such minerals as karelianite (V2o3), 
which is iso-structural with hematite (Fe 2o 3 , corundum 
structure155 ), and montroseite (V,Fe)OOH, which is iso-
structural with goethite (FeOOH), and the similarity of the 
cell sizes of these iso-structural minerals, suggest that V 
is most likely present in the structure of most soil iron 
'd 181,182 s· th't d h t't . ox1 es . 1nce goe 1 e an ema 1 e are present 1n 
the concretion samples, it is likely that Fe and V are 
associated as just described. 
Goldschmidt181 states that V is sometimes found in 
titanium minerals, such as rutile, especially in such minerals 
as are connected with ferromagnesian magmas. A similar assoc-
iation of Ti and V may be occurring in the samples of the 
present study. 
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CHAPTER 7 
EXPERIMENTAL METHODS 
In this chapter, the soil surveys covering the study 
areas are reported, and soil sampling procedures are outlined. 
Physical and chemical methods employed in the analyses are 
given, along with the details and background theory of the 
various instrumental techniques. 
FIELD WORK 
1. Previous s 
(i) Chronosequence and biosequence. The only pub sh-
ed survey of the soils of the Inangahua Depression is the 
reconnaissance mapping of the South Island of New Zealand183 
(at a scale of 1:253,440). 
In 19 a report and map (at a scale of 1:63,360) of 
the soils in an area of 2000 ha surrounding Reefton was 
184 prepared by Kear . Most of the terrace land and some of 
the flanking hills and steeplands in the lower valleys of the 
Wai tahu River were covered in this survey. 
During 1972,a soil survey of 44,000 ha of terrace and 
hill country soil in the Inangahua Valley between Reefton and 
the Inangahua Junction was undertaken (at a scale of 1:63,360). 
The results of the survey are presented in a report121 which 
has a restricted distribution. 
The chronosequence and biosequence soils have also been 
studied previously by Campbe11 20 , who investigated the effect 
of different soil forming factors on soil properties such as 
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the total major element concentrations, mineralogy and cation 
exchange properties. 
(ii) Toposequence. The only survey of the soils in 
the Waimakariri Catchment is the General Survey of the Soi 
of the South Island of New Zealand185 (at a scale of 1:253,440). 
25 h . . d h . 1 . h Young as 1nvest1gate t e toposequence SOl w1t a 
view to seeing how the topography of the landscape cted 
soil variability and soil formation. 
(iii) Waterton soiZs. Two surveys by the New Ze and 
Soil Bureau have covered the Irwell area. One survey contains 
a description of the soils of pastoral and cropping lands of 
Canterbury and North Otago, as mapped a reconnaissance 
soil survey (at a scale of 1:63,360). This survey covers 
1,075,601 ha of the Eastern part of the central South Island 
of New Zealand. 
The second survey186 covers 50,674 ha (with a scale of 
1:31,680) and is confined to an area about 32 km south of 
Christchurch, New Zealand. 
The Waterton soils were o the subject of a study 
looking at the e of topography, and consequent water-
logging, on soil chemistry and iron-manganese concretion 
f t . 26 orma 1on . 
2. s 
Once the sampling s were chosen, contamination 
from foreign sources was carefully avoided. No evidence 
suggesting contamination was observed, and no obvious dis-
continui s were found in the analytical results. 
The chronosequence, biosequence, and toposequence 
soils were all sampled without regard to the volume and 
we t of samp The chronos ce had earl 20 been 
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sampled by taking and weighing all the soil in the horizons 
within a given volume. The Waterton soils were sampled187 
down to the underlying shingle using a corer. All the samples 
collected were stored in plastic bags. 
Profile descriptions, which were made during or soon 
after sampling, are given appendix 2. 
ANALYTICAL PROCEDURES 
1. s 
Half of each sample was weighed, air dried and re-
weighed. For the chronosequence soils, the amount of inor-
. ganic and organic material in the soil was calculated for 
each horizon. The remaining sample was resealed in a plastic 
bag and stored under field moist conditions. 
The air dried samples were crushed, but not powdered, 
with a steel rolling pin and passed through a 2 mm s ve. 
If the quantity of material >2 mm was less than 1% by weight 
it was discarded, otherwise it was kept for analysis. The 
horizons which had significant amounts of material >2 mm 
were the deepest horizons of the Ha, Io, Ah and Ku pro les 
of the chronosequence. 
2 • rocedures 
(i) Soil pH. A suspension of soil (<2 mm) in distilled 
water (1:2.5) was stirred thoroughly and left overnight. The 
solution was again thoroughly stirred and the pH measured, 
using a glass-calomel electrode. The pH meter was calibrated, 
using potassium hydrogen phthalate (10.21 g dm- 3 , pH 4.0 at 
0 -3 0 20 C), and sodium tetraborate (3.81 g dm , pH 9.2 at 20 C). 
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(ii) Dry matter and loss on igni on. The amount of 
dry matter was obtained by heating 5 g samples of air dried 
soil in a porcelain crucible overnight at 105°C. Weight loss 
on ignition was obtained by igniting a weighed sample of dry 
matter to 380°C in a muffle furnace for 16 hours, cooling, 
and reweighing. Sand, silt and clay fractions were treated 
in the same way. 
(iii} Particle size fractionation. Twenty gram 
samples soil (<2 mm) were placed in 100 ml polyethylene 
centrifuge tubes, with distilled water up to a level of 10 em 
above the soil. The stoppered tubes were shaken for 15 minutes 
on an end ro end shaker 1 and then on a mechanical vibrator to 
ensure complete dispers of s 1 aggregates. 
The samples were then centrifuged at 500 r.p.m. r 
10 minutes to settle the sand and si particles, and the 
supernatant suspension of clay particles was siphoned off. 
This cess was repeated 5-7 times until the supernatant 
quid was clear. After the 3rd and 5th treatments, a dis-
persing agent, sodium hexametaphosphate, was added to the 
centrifuge tubes at the rate of 10 ml (of a 4% solution) per 
litre of water. The 4th and 6th shaking were extended to 
25 minutes to ensure complete dispersion. 
The clay size parti s (<2 ~m) were flocculated with 
NaCl and centrifuged at 2000 rpm. The clear supernatant 
above the settled clay was discarded. The clay was then re-
suspended in distilled water, hand shaken in the centrifuge 
tubes, and spun down again; if the solution was clear it was 
scarded. Th process was repeated, with fresh distilled 
water, until the centri d solutions were not clear, indic-
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ating that the excess NaCl had been removed from the clay and 
peptization was occurring. A few drops of saturated NaCl 
solution were then added, and the clays spun down for a final 
time. The wet clays were treated with ethanol to give a 4% 
ethanol-clay mixture, which was then freeze-dried188 • 
The sand a~d silt mixtures were transferred to a cent-
rifuge tube, water was added to 10 em above soil particles, 
and the tubes were hand shaken. After the 4.68 minutes (20°C) 
necessary for sand sized particles to fall 10 em, the silt in 
the suspension was siphoned o This process was repeated 
5-7 times until the supernatant was clear. The silt-water 
mixture was centrifuged at 500 rpm for 10 minutes, by which 
time the particles had settled out, and the clear supernatant 
liquid was discarded. The silts were freeze dried whi the 
sand fractions were oven dried. 
The separation gives sand, silt and clay fractions 
conforming approximately to the Internation Size Classific-
ations, namely sand 2-0.020 mm, silt 0.020-0.002 mm, and clay 
<0.002 mm (<2 ~m). 
The fractionation of some chronosequence and bio-
sequence soils was carried out twice. In some cases there 
was evidence that an incomplete dispersion of the soil aggre-
gates was obtained in the first fractionation, probably due 
to inadequate shaking and agitation. In the second fraction-
ation, samples completely dispersed. Unless stated otherwise, 
all analytical results refer to samples from the second 
fractionation. 
Chemical dures 
(i) Standard solu ons. A multip element standard 
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solution was made using ANALAR grade salts containing V, 
(NH 4vo 3); Cr, (K 2cr2o 7 ); Mn, (Mnso 4 .H 20); Co, (Coso 4 .7H20); 
Ni, ( (NH 4 ) 2so 4 .NiS04 .6H 20); Cu, (Cuso 4 .SH 20) and Zn (ZnS04 .7H20). 
All solutions were made up to the same concentration of 
1000 ~g ml-l of the element in 1M HCl. A separate standard 
solution was prepared for Fe using ANALAR grade NH4Fe(so4)2 .12H2o. 
A standard Ti solution was prepared from ANALAR grade 
K2TiO(c2o 4) .2H2o by heating the compound in a kjeldahl flask 
with 100 ml of concentrated H2so 4 and 8 g of (NH 4) 2so 4 . The 
mixture was heated slowly and boiled for 10 minutes. The 
solution was then diluted to give a Ti concentration of 
-1 500 ~g ml . 
A standard solution containing Al and Si was prepared 
using B.D.H. Atomic Absorption Spectrophotometric Standard 
Solutions. The concentration of each element was 400 ~g ml- 1 . 
(ii) Evaluation of soil composition methods. Two 
techniques were used to evaluate the different soil decompos-
ition methods, a) a method similar to standard additions, and 
b) the analysis of International Rock Standards. The proced-
ures are outlined below, followed by a description of the 
soil decomposition methods used. A summary of the decompos-
ition methods used, the soils analyzed by each method, and 
the elements studied by the evaluation methods is given in 
Tab 7 .1. 
(a) The method of standard additions. Two separate 
standard addition type experiments were carried out using the 
spiking technique for the elements V, Cr, Mn, Co, Ni, Cu and 
zn. One spiking series, denoted by Sp, did not involve a 
soil component, while in the other series So, a clay sample 
TABLE 7.1 
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Summary of Soil Decomposition Methods and 
Their Evaluation 
Decomposition Samples Analysed 
Method , 
Evaluation Method 
Standard Int. Rock 
Addition Standards 
HF-HCl04 Chronosequence soils V,Cr,Mn, Ti,V,Cr,Mn, Co,Ni,cu Fe, Co ,Ni ,Cu 
a 
Biosequence soils 
Toposequence soils 
Waterton soils and 
concretions 
Toposequence soils 
Waterton soils and 
concretions 
Toposequence soils 
Waterton soils and 
concretions a 
1 £ dh . 26 Resu ts rom Bu 1a 
Zn 
tl 
ll 
V,Cr,Mn, 
Co,Ni,Cu 
Zn 
Mn,Co,Cu, 
Zn 
II 
Zn 
II 
II 
Ti,V,Cr,Mn, 
Fe, Co ,Ni,Cu 
Zn 
Mn,Fe,Co,Cu, 
Zn 
II 
was used. The spiking was arranged so that the amount of each 
-1 
element added was 0, 1.0, 2.0, 3.0 and 4.0 ~g ml in the 
final solution. This range spans the likely concentrations of 
the ements in the solutions obtained from the soils studied. 
(b) Analysis o£ International Rock Standards. All 
three soil decomposition methods (Table 7.1) were used on 
duplicate samples o£ the International Rock Standards AGV-1 
(an andesite), G-2 (a granite} and BCR-1 (a basalt). The 
solutions were analyzed for Ti, V, Cr, }ID, Fe, Co, Ni, Cu and 
Zn, and the results compared with the preferred values in the 
·literature156 . 
(ii) Decomposit n methods. 
{a) Hydrofluoric acid-perchloric acid digestion. 
This method was used to decompose the various fractions of 
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the chronosequence, biosequence, toposequence and Waterton 
soils, and concretions. 
A finely ground weighed sample (0.2 g) was place in a 
30 ml platinum crucible. The crucible was then heated over 
a bunsen burner to just below red heat in order to remove the 
greater part of the organic matter. After cooling, the sample 
was moistened with a few drops of water, and then HF (6 ml, 
40%) and HCl04 (0.5 ml, 60%) added. The crucible was heated 
on a sand conductor to about 200-230°C until the fuming of 
HCl0 4 had ceased, by which time all the HF and SiF4 had been 
removed. Hydrochloric acid (5 ml, 3M) was then added and the 
crucible gently heated. The solution was transferred to a 
volumetric flaski the crucible was further treated with HCl 
(5 ml, 3M), which was also added to the flask. 
(b) Lithium metaborate fusion. This method was used 
to decompose the toposequence and Waterton soils, and 
concretions. 
A finely ground sample (0.4 g) was mixed well with 1.5g 
of LiB02 in a platinum crucible, and quietly fused, initially 
r 1-2 minutes, over a bunsen burner. Stronger heating was 
then applied to the open crucible until the melt was clear 
(about 10 minutes). The melt was swirled up the side of the 
crucible walls before cooling, to assist subsequent dissolut-
ion. Cold distilled water (10 ml) and HCl (10 ml, 3M) were 
added to the crucib , which was stirred magnetically, to 
dissolve the melt. The solution was then transferred to a 
standard flask and made up with a La 3+ solution so that the 
. 2 . 3+ 
nal concentrat1on was % 1n La . Lanthanum is used as a 
releasing agent. 
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(c) Sodium carbonate fusion 28 . Th method was used 
to decompose the toposequence and Waterton soils, and concre-
tions. 
About 1 g of finely ground soil was ignited to just 
below red heat in a platinum crucible, and then mixed with 
5g of anhydrous Na 2co 3 • A 1 g layer of Na 2co 3 was then spread 
over the mixture. The crucible was partly covered and gently 
heated initially, and strongly heated with a meker burner for 
30 minutes. 
The cooled crucible was covered with distilled water 
in a beaker and heated on a steam bath until the melt had 
disintegrated. The crucible and lid were removed and rinsed, 
then treated with HCl (5 ml, 6M), which contained a little 
ethanol. A soil containing manganese oxides gives manganates 
on fusion, which in the presence of HCl will liberate chlorine 
which can attack the platinum. The addition of ethanol pre-
vents this by reducing the Mn species to Mn(II) . 
The solution from the melt was then acidified with HCl 
(10 ml, 11M) and HC1o 4 (10 ml, 60%). The washings from the 
lid and crucible were also added to the solution, which was 
evaporated to fuming. A further 15 minutes heating was used 
to dehydrate the silica. Hydrochloric acid (25 ml, 1M) was 
added, and the si ca was removed by filtering, with thorough 
washings using hot HCl (1M). The filtrate was then concen-
trated to the required volume. 
As mentioned above in the evaluation of the compos-
ition methods, the Na 2co 3 fusion method was evaluated by the 
method of standard additions. Two spiking experiments, each 
using a clay samples and denoted So were carried out. In the 
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st case the filtered silica was washed with 1M HCl, and 
this experiment is denoted So (1M HCl). Secondly, the silica 
was collected using glass fibre lter paper and washed with 
6M HCl. This experiment is designated So (6M HCl) (Table 5.2). 
For these two standard addition experiments, the silica 
filtered off in each case was dissolved by HF-HClo4 digestion 
and the resulting solutions analyzed. 
(iv) Extraction methods. Oxalate and pyrophosphate 
extractions were carried out on whole soils of the chrono-
sequence, biosequence, toposequence and Waterton soils, and 
concretions. The Waterton soils and concretions were ground 
to <53 ~m while all the other samples were <2 mm in size. 
(a) Ammonium oxalate extraction110 . An ammonium oxa-
late solution (50 ml, 0.2M), adjusted to a pH= 3.0 with a 
saturated oxalic acid solution, was added to polyethylene 
centrifuge tubes containing 1 g of soil. The centrifuge 
tubes were tightly stoppered and shaken for 4 hours in dark-
ness on a reciprocating shaker. A 'superfloc' solution (0.3 
ml, 0.2%) was then added to each tube, which was hand shaken 
and centrifuged at 2500 r.p.m. The supernatant liquid was 
decanted into clean dry polypropylene bottles. 
(b) d . h h . 118 So lum pyrop osp ate extractlon . A 1 g soil 
sample was added to a sodium pyrophosphate solution (100 ml, 
O.ltD in clean polypropylene bottles, which were shaken for 
16 hours on an end-over-end shaker. 'Superfloc' (0.3 ml, 
0.2%) was added to each bottle, which after hand shaking, was 
ultra-centrifuged for 10 minutes. The supernatant solution 
was stored as before. 
In all the chemical procedures listed above, replicate 
blank samples were carried through each procedure. 
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INSTRUMENTAL TECHNIQUES 
The regions of the electromagnetic spectrum and the 
various types of spectroscopy used analytical techniques 
are shown in Figure 7.1. The nuclear, atomic (electronic) 
and molecular transitions which absorb or emit radiation are 
also shown. 
1. Absorption of electromagnetic radiation by matter 
(i) Introduction. When electromagnetic radiation 
travels through a transparent layer of matter, certain frequ-
encies are selectively removed by an absorption process. In 
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Figure 7.1. E 189 ctromagnetic spectrum and spectroscopy 
such cases the radiant energy is transferred to the atoms and 
molecules in the sample, thereby ing them in energy from 
the lowest ground states to the higher energy states. 
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Excited atoms and molecules return to their ground 
-8 -9 
states after 10 - 10 s, usually with the release of energy 
as heat. Sometimes the excited species may undergo a photo-
chemical reaction which absorbs the excitation energy, while 
at other times 1 radiation is re-emitted in the form of fluor-
escence or phosphorescence. 
There are a number of discrete quantized energy levels 
tn atoms, molecules and ions. When the energy of a photon 
and the energy difference between the ground state and one of 
the excited states of an atom or molecule is the same, absorp-
tion of radiation occurs. Because these energy differences 
are unique for each species, absorption studies can lead to 
the identification of the components of a sample. For this 
purpose, an absorption spectra - a plot of absorbance as a 
function of wavelength - is determined experimentally. 
The shape of an absorption spectra depends on the com-
plexity, the physical state and the environment of the absorb-
ing species. There are two main types of absorption, namely 
atomic absorption and molecular absorption. 
(ii) Atomic absorption. When a polychromatic beam of 
visible and ultraviolet radiation travels through a medium 
such as a monatomic gas, there is an absorption of a number 
of frequencies corresponding to the possible energy states of 
the atoms. 
Visible and ultraviolet radiation is of appropriate 
energy to cause transitions of the outermost or bonding elec-
trans. X-rays 1 on the other hand, are of a high energy, as 
can be seen in Figure 7.1, and can cause transitions involving 
inner e ctrons. Atomic absorption spectra are composed of a 
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number of narrow bands. 
(iii) Molecular absorption. Absorption of ultraviolet-
visible radiation by polyatomic molecules is a more complex 
process because the number of possible energy states is in-
creased, and line broadening occurs due to the population 
vibrational and rotational energy states. Therefore molecular 
spectra are usually characterised by absorption bands that 
span a range of wavelengths. 
(iv) Measurement of the absorbed radiation. Since the 
lifetime of the excited species short (10-B - 10-9 s), the 
concentration of such species at any instant is normally negl-
igible. Consequently, absorption experiments have the advant-
age of creating only a minimal disturbance of the system under 
study. 
(v) Beer's Law. Beer's Law is a relationship governing 
the absorption of all types of electromagnetic radiation. It 
applies to solutions, gases and solids. Beer's Law is 
Po 
log = abc = A. 
pt 
The logarithmic term is called the absorbance, denoted A, while 
P 0 and Pt re to the power of the incident and transmitted 
radiation respectively. The symbol, a, is called the molar 
absorptivity when the concentration, c, is given in terms of 
moles of absorber per litre, and the path length, b, is given 
in centimetres. 
Neither P
0 
nor Pt can be measured easily in the labora-
tory since the solution to be studied must be in some sort of 
container. Interaction between the walls and the radiation is 
unavoidab , resulting in a lower value of Pt at each surface 
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due to ref ction or absorption. A loss in radiant power can 
occur also because of scattering by large molecules in the 
solution. These diminutions radiant power can be allowed 
for. The power of the transmitted beam emerging from the 
sample is compared with the power of the transmitted beam 
emerging from an identical ce containing the same solvent 
or matrix. The true solution absorbance is then approximated 
' 
by the experimental absorbance 
2. Atomic 
p t . rna r1x log p=-------
sample 
(i) Introduction. Atomic absorption s ctroscopy 
(A.A.S.) involves the study of the absorption of radiant 
energy (in the visible and ultraviolet regions) by atoms in 
the gaseous state. In A.A.S. the analyte must be reduced to 
the elemental state, varporized and transported into the beam 
of radiation from the source. This is achieved by aspirating 
the sample, as a fine mist,into a suitable flame. The flame 
is therefore analogous to the cell in conventional absorption 
spectroscopy. 
(ii) Interferences in A.A.S. Several types of inter-
ference arise in A.A.S. They are a) spectral interference, 
b) ionization interference, and c) chemical interference. 
(a) Spectral interference. Spectral interference occurs 
when a resonant line of one element, from a hollow cathode 
tube, is also absorbed by a second element in the flame. For 
example, the Co line at 253.649 nm interferes in the determin-
1 . 179 ation of Hg using the 253.652 nm 1ne . 
A more common form of spectral interference, encountered 
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in the present work, is molecular absorption. ~ilhen solutions 
of high salt content are aspirated into a flame or vaporized 
in a carbon furnace, a significant concentration of molecular 
species can get into the light path. Molecular electronic 
absorption may occur, leading to interference if the molecular 
absorption bands extend over the absorption line of the 
analyte. 
Molecular absorption was initially thought to be due 
•t 1' h . b 1 . 1 190 Q . f th h o 1g t scatter1ng y sa t part1c es . u1te o ten oug , 
light scattering is negligible compared with molecular absor-
ption. An example of molecular absorption, and the removal 
of its effect, was encountered in the present work. The 
Na 2co 3 fusions produced a high level of sodium salts in solu-
tion; molecular absorption processes considerably enhanced 
the absorption signal from both standard and sample (the 
matrix of the standards was matched with that of the samples) 
for Co and Ni, and to a lesser extent for Zn. This inter-
ference was countered in two ways. Firstly, blank solutions, 
with a matrix matched to the samples and standards, were used 
for background correction. Secondly, a deuterium lamp back-
ground correction was used. The deuterium arc lamp produces 
a continuum in the 200-300 nm spectral region. A rotating 
chopper allows energy from the hollow cathode lamp, and the 
deuterium lamp, to pass through the sampling cell alternative-
ly. The undesired background absorption affects both gnals 
in the same manner. Since the analyte element absorbs very 
narrow wavelength bands,it absorbs signi cant energy from 
the hollow cathode line source, but relatively nothing is 
absorbed from the deuterium arc continuum. The two absorptions 
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are subtracted electronically and the effect of background 
absorption is removed. 
In the analysis of silicates and soils, in general, 
molecular absorption interference must be corrected, since 
solutions may contain high concentrations of K, Na, Mg, Ca, 
Al or Fe. The importance of this molecular absorption was 
illustrated by Fletcher163 when he determined Co, Ni, Cu and 
Zn in solutions containing salts. 
(b) Ionization interference. During the period of 
several milliseconds following the vaporization of a sample 
in a flame, many processes can occur: solvent evaporation, 
melting and vaporization of minute solid particles, chemical 
decomposition of particles and gaseous molecules, excitation 
and ionization of the gaseous species, recombination of the 
atomic vapour to form oxides, hydroxides and other molecular 
species, and condensation of gaseous species to form solid 
particles. 
The 'distribution of analyte atoms in a flame is 
influenced by some or all of these processes. Anything that 
changes the ground state population of the analyte element 
i.s a type of interference. Ionization interference results 
from the ionization of an analyte atom in the flame (for 
3+ 
example Al r:=Al + 3e) . Ionization of the analyte is pre-
vented by flooding the flame with electrons from a more 
readily ionized element (commonly K or Cs) which pushes the 
above reaction to the left. 
(c) Chemical interference. Various types of chemical 
interference can occur, several of which had to be compensated 
for in the present study. Species of a number of elements 
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(including ~m, Ni, Cu and Zn) are poorly dissociated into 
free ground state atoms by a low temperature (1900°C) air-
propane flame. Hence the higher temperature air-acetylene 
flame (2100°C) was favoured. Air-acetylene flames can also 
be used in the analysis of Fe and Co. 
An air-acetylene flame can be used in the analysis of 
Cr, as long as no Fe is present in the sample, and the fuel 
to oxidant ratio is adjusted to give a fuel rich mixture. 
The fuel rich flame (with limited oxygen) reduces the form-
ation of the oxides of Cr, and thereby maintains a high 
. ground state population of atoms. However, iron is always 
present in soils and solid particles consisting of Cr atoms 
dispersed in a matrix of Fe atoms remains after evaporation 
of the solvent in the flame. The volatility of such particles 
is low, and this will reduce the ground state Cr atoms 
population, depressing the Cr signal. This was overcome in 
the present work by using the hotter (2700°C) nitrous oxide-
acetylene flame. 
Elements that form particularly stable oxides, for 
example Al, Ti, Si, V and Cri also require the hotter flame. 
In addition to using a hotter flame for the analysis of stable 
species, a releasing agent may be added to the solutions. A 
releasing agent is a material added which forms a more stable 
species than the analyte thereby releasing it. This has 
already been discussed (p.l26) in relation to the influence 
of Al on the analysis of V and Cr. 
methods 
In this section some of the theoretical aspects of the 
emission, the absorption and the diffraction of X-radiation 
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(10 - 2500 pro) will be examined, as will some of the theory 
pertaining to X-ray fluorescence. 
(i) Emission line spectra. X-rays can be obtained in 
3 ways: l) by striking a metal target with a beam of high 
energy electrons, 2) by bombarding a material with a primary 
beam of X-rays so as to produce a beam of fluorescent X-rays, 
and 3) by using a radioactive source which emits X-rays. 
X-ray sources emit both a continuous and a line 
spectrum. It is the line spectrum which is of importance in 
analytical determinations using X-ray fluorescence and X-ray 
di~fraction. 
An example of a line spectrum, superimposed on a 
continuous spectrum is shown in 
Relative 
intensity 
Wavelength (pro) 
gure 7.2. For example, the 
Figure 7.2. Characte stic line spectra 
line spectrum from a Cu target has intense lines at wave-
192 lengths 139 and 154 pro . Other weaker Cu lines occur in the 
1200 - 1600 pm region. 
The lower wavelength lines are called the K series 
(Ka and KS), while the weaker lines constitute the L series. 
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Elements with atomic numbers less than 23 emit only a K 
series of lines. 
Electronic transitions involving the innermost atomic 
orbitals produce the X-ray line spectrum. When the higher 
energy electrons from the cathode remove electrons from the 
orbitals closest to the nucleus of the target atom (the 
orbital of principal quantum number n = 1), the highest 
energy K series of lines are produced. The collisions pro-
duce excited ions which lose their excitation energy as 
electrons undergo transitions from the outer orbitals to the 
vacated orbital. 
The L series of X-ray lines result when an electron is 
lost from the atomic orbital of principal quantum number n = 2. 
This can caused either by ejection by an electron from the 
cathode, or by the transition of an L electron (n = 2) to the 
K (n = 1) orbital. The L series of lines are then produced 
as a consequence of e ctronic transitions to relax the 
excited atom. 
Because X-ray line spectra result from electronic 
transitions i~volving the innermost orbitals, the wavelengths 
of the line spectra are independent of the form of chemical 
combination of elements other than those with low relative 
atomic weight (atomic number < 20). 
( '') b . f X 189.,193 11 A sorpt&on o -rays . X-rays travelling 
through matter are attenuated by an amount dependent on the 
thickness and the density of the absorbing material. X-rays 
of different frequencies are attentuated by different amounts 
by the same absorber. The main cause of the attentuation of 
X-rays is photoelectric absorption. 
When a beam of X-rays of radiant power P travels 
0 
through matter of thickness x em, and has a transmitted 
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intensity Pt, the absorption of the X-rays is described by 
Beer's Law 
where ~l is the linear absorption coefficient, which is char-
acteristic of the element and the number of atoms in the path 
of the beam. Beer's Law can also be written 
ln 
p 
0 
t 
where p is the density of the sample, and~ is the mass 
absorption coefficient, a quantity that is independent of the 
physical and chemical state of the element. 
The mass absorption coefficient has two components -
a scattering component. and a photoelectric component. The 
photoelectric absorption is the dominant component, and the 
mass absorption can be approximated by it. It has been 
determined experimentally that the mass absorption coe cient 
for an element conforms to the relationship 
= 
where N is Avogadro's number, A is the relative atomic weight 
of the element, z its atomic number, and A is the wavelength 
of the radiation. K is a constant for all elements. It can 
be seen from this relationship that ~ a function only of 
the wavelength of the absorbed radiation and the atomic number 
of the absorbing element. 
Mass absorption coefficients are additive, and con-
tribute according to the amount of each element in a sample, 
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i.e. 
~m = Fl~l + F2~2 + .... 
where ~m is the mass absorption coefficient of a sample, 
are the mass fractions of each element 1, 2, 
and u1 , ~ 2 , ... represent the mass absorption coefficients 
for each of the elements. 
(iii) Diffraction of X-rays 159 ' 193- 195 • A consequence 
of the three-dimensional periodicity of a crys structure is 
that it is possible to consider a crystal as made up of num-
erous sets of parallel planes. Each set of parallel planes 
are equally spaced and contains identi atomic arrangements. 
For diffraction to occur the wavelength of the X-rays must be 
of the same o r of magnitude as the interatomic stances. 
When an X-ray beam impinges on a crystal surface at 
an angle cr, some of the radiation is scattered by the surface 
layer of atoms (Figure 7.3). The unscattered beam penetrates 
Figure 7.3. Diffraction of X-rays by a crystal. 
to the second layer of atoms where there is more scattering, 
with the remaining X-ray beam passing to the rd layer and 
so on. The overall effect of this scattering from the period-
ic crys structure is a diffraction of the X-ray beam. 
The Braggs developed a treatment of the scattering of 
X-rays by a crystal, based on the equivalence of the scatter-
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ing of X-rays from a set of planes and a reflection from 
successive planes. 
Since there are large nUmbers of parallel planes 
involved in the scattering of X-rays, reflections from 
successive planes will interfere with each other. There will 
be constructive interference only when the difference in path 
length between rays from successive planes is equal to a whole 
number of wavelengths. This is illustrated in Figure 7.3 
where X-rays, of wavelength A, are incident at an angle a, on 
a set of planes of spacing d. The ray striking the second 
plane travels a distance AB + BC further than the ray striking 
the first plane. These two rays will be in phase when AB + 
BC ~ n , where n is an integer. Since AB and BC both equal 
d sina then 
2d sino ~ nA 
which is the Bragg equation. 
fluorescence 
(i) Introduction. The absorption of X-rays produces 
electronically excited ions that return to their ground state 
by transitions involving electrons from higher energy levels. 
For examp , when a Mn atom absorbs radiation of wavelengths 
f h th 190 192 't d. . h t o s orter an pm , an excl e lOTI Wlt a vacan K 
shell is produced. After 10-S - 10-9 s the ion returns to its 
ground state by the emission of X-rays (fluorescence). The 
wavelength of the fluorescent lines are always slightly greater 
than the wavelength of the corresponding absorption edge, 
since absorption requires ionization, whi emission involves 
transitions of an electron from a higher energy level within 
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the atom. 
(ii) Intere Zement effeats. In X-ray fluorescence 
analysis,careful consideration must be given to interelement 
effects on the intensity of the X-ray fluorescence. Inter-
element effects arise from 1} interference from the spectra 
of the various elements, 2} X-ray absorption by the matrix, 
and 3) X-ray enhancement. 
In most cases spectral interference can be overcome by 
using another spectral line of the element, or by selection 
of different instrumental settings, such as the dispersion 
crystal used, the counter, the collimator, and the pulse 
height discriminator. The Ti KS fluorescence which occurs 
at the same energy as the V Ka fluorescence, is an example of 
spectral interference. 
Interference by absorption or enhancement of the X-ray 
fluorescence signal is more widespread. Samples inevitably 
absorb some X-rays because the primary X-ray beam penetrates 
the sample to a finite depth. The extent of the absorption, 
both primary and secondary, is proportional to the mass absorp-
tion coefficient, at the wavelength concerned, which is der-
ived from the sum of the products of the individual absorption 
coe cients of the elements and the mass fraction of the 
corresponding element. 
Enhancement occurs when fluorescent X-rays generated 
in the sample from matrix elements, are then absorbed by the 
analyte element, producing an increased emission from the 
element. 
Absorption and enhancement interferences can be com-
pensated for mathematically, by equations relating the 
elemental fluorescent tensity to the mass absorption coeff-
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icient and the fluorescent yield. An iterative procedure is 
then used in which successive approximations of the concen-
tration are calculated. 
Matrix effects can be corrected for by using the 
method of standard additions, where a known amount of the 
analyte is added to the sample, its concentration being ob-
tained from the measured countrates before and after the 
addition. Another method, not so relevant for trace element 
analysis is dilution of the sample by fusion with sodium 
196 tetraborate producing a glass • If the samples are suffic-
iently diluted, effects due to variations in absorption coeff-
icients may be overcome. The addition of a heavy absorber 
(La) during dilution suppresses tne matrix effects. Whi 
dilution suppresses the matrix effect it also reduces the 
sensi vity, and so it is necessary to compromise between 
these two. 
Fusion of a sample into a glass is effective in elim-
inating sample heterogeneity. However, in the analysis of 
silicates, homogeneity can be obtained by grinding the sample 
in a tungsten-carbide mill. Also, grinding of both samples 
and standards ensures a constant particle size, which elim-
inates particle size e cts. 
Brenner et a1. 197 achieved acceptable accuracy in the 
analysis of silicate rocks for Ti, ~n, Fe, Co, Ni, Cu and Zn. 
They analyzed the material as loose powders or pellets, and 
found no bias due to grain size ef cts, nor did they find 
absorption or enhancement of radiation by other elements. 
5 . E ctron mi 
The electron microprobe uses an electron-optical 
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system to focus an electron beam onto an area of about 1 ~m 
in diameter. A Bragg spectrometer used to select the 
characteristic X-radiation produced by the element hit by 
the electrons. The X-ray intensity is measured with a prop-
ortional counter. The slowing down of the electrons in the 
beam by the specimen also produces a continuous X-ray spectrum 
which constitutes a background, over and above which the 
characteristic x-ray lines are superimposed. 
For quantitative work 1 the net intensity (peak minus 
background) of the characteristic line of each element is 
measured and compared with the intensity generated with the 
same incident electron current in a standard of known com-
position. Concentrations and intensities conform to the 
relationship 
specimen standard x cimen X f 
where f is a product of 3 seperate factors which take into 
account the differences in efficiency of X-ray generation 
in the specimen and the standard (called the generation factor), 
the differences in the absorption of the emerging X-rays (the 
absorption factor) , and the enhancement of the measured 
characte stic radiation by secondary excition (the fluoresc-
ence factor) . The f factor was calculated using a computer 
program 1 MAGIC Iv198 , which was employed to calculate the 
percentage concentrations of the elements in the sample. 
EXPERIMENTAL METHODS FOR THE INSTRUMENTAL TECHNIQUES 
Atomic abs 
(i) Analysis of decomposition solutions. In the 
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present study, A.A.S. was employed to determine the concen-
trations of V, Cr,~m,Fe,Co,Ni, Cu and Zn in solutions result-. 
ing from the decomposition of soil samples 1 using a Varian 
Techtron A.A.S Spectrometer, with a Varian Techtron BC-6 
background corrector. The intensity of the deuterium contin-
uum lamp (required for background correction) was maintained 
constant throughout a set of measurements. A Varian Model 63 
Carbon Rod Atomizer was used for the flame ss A.A.S. deter-
mination of Co, Ni, Cu and Zn in the silica obtained from the 
soil decomposition solutions after Na 2co 3 fusion. 
(ii) Interferences encountered in A.A.S. Many kinds 
of interference can take place in A.A.S. and need to be 
corrected. 
Several interference effects were investigated in the 
present study and corrections made. A list of the inter-
ferences encountered, and means to suppress them, is given in 
Table 7.2. 
The sodium present in the solution from the Na2co 3 
fusions caused a 30% enhancement to the Co and Ni signals, 
and a smaller enhancement of the Cu and Zn signals. The use 
of a background corrector together with a solution blank 
obtained from a Na 2co 3 fusion, was used to correct for this 
enhancement. The enhancement was probably caused by molecular 
electronic absorption. 
No interference due to trivalent Al or Fe was found in 
the signals from Mn, Fe, Co, Ni, Cu and Zn, when using an air-
acetylene (A-A) flame to vaporize solutions from the HF-HClo 4 
digestion solutions. However, signals from Ti, V and Cr were 
l strongly affected by Al or Fe. Since the Ti signal showed 
a strong interference from both and Fe it was not ter-
TABLE 7. 2 Inter Encountered in is and The sion 
Element 
Analyzed 
'l'i 
v 
V,Cr 
Cr 
Mn,Fe 1 CO, 
, Cu, Zn 
Co,Ni 
Cu,Zn 
Al 
Mn,Fe,Cu,Zn 
Si 
Method 
HF-HC10 4 
HF-HCl0 4 
LiB0 2 
HF-HC10 4 
HF-HC104 
LiB02 
Na 2co 3 
Na 2co 3 
Oxalate, 
Pyrophosphate 
Oxalate, 
Pyrophosphate 
Oxalate 
Pyrophosphate 
a A-A = Air-acetylene 
b N-A = Ni us oxide-acetylene 
Flame 
A-A a 
A-A 
A-A 
A-A 
A-A 
A-A 
A-A 
N-Ab 
A-A 
N-A 
Interference 
Fe,Al depression 
Fe depression 
Fe depression 
Fe depres on 
30% Enhancement 
due to Na 
Slight enhancement 
due to Na 
Ionization of Al 
Removal of Interference 
Used colorimetric method 
of analysis 
Used N-A flame, and 
200 ]lg Al ml-1 
Used N-A flame, 2% La 
solution, and 200 ]Jg A1 ml-1 
Used N-A flame, and 
200 ]Jg Al ml-1 
Background cor~ection 
Background correction 
1000 ]lg Cs ml -1 
I\.) 
w 
1-' 
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mined by A.A.S. In a nitrous oxide-acetylene (N-A) flame, 
the V signal is strongly depressed by Fe. This interference 
was overcome by adding Al (200 ~g ml-l) to all the standard 
and blank solutions, to act as a releasing agent (see p.l26}. 
The solutions resulting from the soil decompositions did not 
require addition of Al, as sufficient was present in the soil. 
The depression of-the Cr signal caused by Fe was overcome by 
use of a N-A flame. 
For solutions from the LiB02 fusions both V and Cr 
were analyzed with a N-A flame, with Al(III), added and in a 
2% La solution (as releasing agent}. 
As silicon is present in the LiB02 fusion solutions, 
its effect on elemental response in A.A.S. was investigated. 
No effect was detected within the range of Si in the sample 
solutions. 
(iii) A.A.S. analysis of the extraction solutions. 
The oxalate and pyrophosphate extraction solutions were 
analyzed by A.A.S. for Si, Al, Mn, Fe, Cu and Zn. When anal-
yzing for Al, the solutions and standards were made up to 
-1 1000 ~g Cs(III) ml to prevent the depression of the Al 
signal as a result of ionization. 
All standard solutions used for the A.A.S. analysis of 
the oxalate extracted solutions also contained O.lM ammonium 
oxalate. The pyrophosphate extracted solutions were treated 
similarly and the standard solutions were 1 O.OSM in sodium 
pyrophosphate. Three separate standard solutions were used 
in the A.A.S. analys , one containing ~m, Cu and Zn, one 
containing only Fe and the third with Si and Al. 
Silicon and aluminium were analyzed using a N-A flame, 
while Mn, Fe, Cu and Zn were all analyzed using an A-A flame 
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(Table 7. 2) . 
2. X-ray diffraction 
(i) Introduction. X-ray diffraction is used for the 
identification of crystalline compounds. The method is based 
on the fact that a X.R.D. pattern is unique for a certain 
crystalline structure. If a match can be found between the 
X.R.D. pattern of ·a sample and that of a previously determined 
structure, chemical identity may be suggested. 
(ii) Sample preparation and analysis. The samples were 
prepared by grinding about 0.2 g of sample in an agate pestle 
and mortar, mixing with a few drops of ethanol, then trans-
ferring the suspension to a gl~ss slide. 
A Phillips PW 1010 generator, together with a PW 1050 
Norelco Diffractometer, employing a Cu target tube (50 kV, 
20 rnA, 154.18 pm) was used to obtain the diffraction patterns 
for the Waterton soils and concretions, and the Ok Fe pan. 
The high iron content of the concretions increased the overall 
,,::? 
background on the diffractogram due to iron fluorescence 
produced by the Cu radiation. 
3. X-ray fluorescence 
(i) Standards for analysis. The standards used were 
the International Rock Standards U.S.G.S. G-2 (a granite), 
W-1 (a diabase), AGV-1 (an andesite), BCR-1 (a basalt) and 
GSP-1 (a granodiorite). For Ti analysis, 3 Shale standards 
KnC-ShP-1, SC0-1 and SGR-1 were used. 
The major matrix effect in X.R.F. is the mass absorption 
of the X-rays. The counts for the samples and standards were 
therefore corrected for mass absorption, and the best calibra-
tion line for the set of standards was determined from a least 
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squares fit. 
(ii) Sample preparation and analysis. Samples were 
oven dried at 105°C and ground in a tungsten-carbide mill to 
<53 ~m. Discs were prepared by mixing 2 g of milled sample 
with 0.2 g methyl cellulose, which acts as a binder. The 
mixtures were then pressed into briquettes for analysis. 
Some discs were also prepared by pressing a 2 g sample, with-
out binder, using a borax base for support. 
A Philips PW 1010 generator, coupled with a PW 1540 
Manual Vacuum Spectrum, with a Cu target tube, was employed 
for the X.R.F. analysis. Operating parameters are given in 
Table 7. 3. 
X.R.F. analysis was used to determine Si, ~1, Ti, Cr, 
~m, Fe, Ni, Cu and Zn in the Waterton soils and concretions, 
and Ti, Cr, Mn, Fe, Ni, Cu and Zn in the toposequence soils. 
TABLE 7. 3 Operating Parameters for X-ray Fluorescence 
Elerrent Line Crystal 
Analyzed 
Oolli- Atmosphere kV/mA 
:rrBtor 
Ti 
Cr 
Mn 
Fe 
Ni 
Cu 
Zn 
Al 
Si 
a 
Ka 
Ka 
Ka 
Ka 
Ka 
Ka 
Ka 
Ka 
Ka 
LiF(200} Fine 
LiF(200} Coarse 
LiF(200} Fine 
LiF(200} Fine 
LiF(200) Fine 
LiF(200} Fine 
LiF(200} Fine 
a T.L.A.P. Fine 
T.L.A.P. Fine 
Vacuum 
Vacuum 
Vacuum 
Air 
Air 
Air 
Air 
Vacuum 
Vacuum 
Thallium acid phthalate crystal 
36/36 
36/36 
36/36 
36/36 
36/36 
36/36 
36/36 
36/36 
36/36 
Cbunter 
Flow 
Flow 
Flow 
Scintillation 
Scintillation 
Scintillation 
Scintillation 
Flow 
Flow 
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4. Electron microprobe analysis 
(i) Sample preparation. The samples studied by elec-
tron microprobe analysis were an Fe pan from the chrono-
sequence Ok profile, and the Waterton concretions. Since a 
smooth polished surface is required, the samples had to be 
first impregnated with an epoxy resin. A vacuum impregnation 
system199 was used- to obtain efficient impregnation of the 
sample. 
The vacuum sample chamber contained 6 open-end glass 
tubes (10 x 15 mm), into each of which one sample was placed. 
These sample tubes were mounted on a circular table so that a 
dropping funnel containing the epoxy resin could be rotated 
from one sample to the next. 
-3 The sample chawber was pumped down to about 10 torr, 
and the samples were allowed to outgas for up to 15 hours 
prior to impregnation. Araldite M (a special impregnating 
resin) was mixed with the hardener HY 956 in a 5:1 ratio. 
The Araldite mixture was introduced to a dropping funnel on 
the top of the vacuum chamber. The chamber was isolated from 
the pump and the Araldite mixture was outgassed for 10 minutes. 
The sample chamber and the dropping funnel were then brought 
to the same pressure, and after aligning the funnel over a 
sample tube, Araldite was run into the tube to cover the sam-
ple. When opened to the atmosphere pressure, and pressurized 
with nitrogen in a bomb to 1380 kPa, the Araldite was forced 
into the samples. 
After 12 hours the resin had hardened, and the samples 
were cut into 1 rnrn thick slices and re-irnpregnated. The 
samples were then polished using 400 and 600 carborundum 
~owders, P600 and Pl200 carborundum papers, a Buehler Textmet 
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synthetic cloth with pure tin oxide powder, and finally 
buffed with a soft cloth dusted with a little tin oxide. All 
samples were then vacuum carbon coated using a Polaron E500 
instrument. 
(ii) Analysis. The electron microprobe used was a 
JEOL JSM 35 with a JEOL wavelength spectrometer. Operating 
conditions are given in Table 7.4. Standards were polished 
samples of the metals, and were vacuum carbon coated. The elements 
analyzed were Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Si and Al. 
Three methods were used to gather data on the samples. 
Firstly, point counting at sites selected either at random 
or at points of high concentration for certain elements. For 
both standards and samples, counts were accumulated for 30 s 
on the peak and also the background. A computer program, 
MAGIC rv198 , which corrects for backscattering, ionization-
penetration, absorption and fluorescence, was used to calcul-
ate the weight percentages of the elements analyzed. The 
program assigns oxygen concentrations assuming the following 
metal ion oxidation states: Al(III), Si(IV) 1 O(II), Ti(IV) 1 
V(III), Mn(IV), Fe(III) 1 Co(II), Ni(II) 1 Cu(II) and Zn(II). 
Secondly, a line scanning technique was used. This 
involved traversing the specimen under a stationary beam. A 
line scan is carried out at a set wavelength, so each element 
TABLE 7. 4 
X-Ray Take-Off Angle 
X-Ray Detector 
Accelerating Voltage 
Beam current 
Analysing crystal for 
Ti,V,Mn,Fe,Co,Ni,Cu,Zn 
Analysing crystal for 
Si Al 
Parameters 
35° 
Gas flow proportional counter 
25 kV 
1-2 X 10-7A 
LiF 
RAP (Rubidium hydrogen 
thalate 
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was scanned separately by varying the wavelength. Graphical 
methods were then used to compare variations in elemental 
concentrations across a sample. 
The third technique used was electron beam scanning. 
The focussed beam was swept, in a regular way, across a square 
area of a sample, while a synchronous oscilloscope display 
indicated the two-dimensional intensity distribution of back-
scattered electrons for a characteristic X-radiation. Photo-
graphs of the oscilloscope display provide a permanent record 
of textural features and phase relations (backscattered 
electrons), and the relative enrichment of a particular 
element (characteristic X-radiation) throughout the area. 
A comparison of photographs taken during electron beam scann-
ing enables interelemental relationships to be recognised at 
a glance, provided that the element is present in sufficient 
concentration, not to be obscured by the background 
radiation. 
For the Ok Fe pan, two samples were analyzed, while 
three concretions from horizons of the Waterton soils 
were studied. 
Colorimetric sis 
(i) Titanium. Tiron200 , disodium 1,2-dihydroxybenzene 
2,5-disulphonate was used for the determination of Ti in the 
sample solutions. Tiron reacts with Ti giving a species with 
a yellow colour, the intensity of which relates to the concen-
tration of Ti. 
Ten millilitres of a buffer solution (equal volumes of 
1M acetic acid and 1M sodium acetate, adjusted to pH 4.7) was 
diluted threefold. Tiron (5 ml, 4% W/V) and an aliquot of 
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the sample were added and the solution made to volume. To a 
portion of this solution about 5 mg of sodium dithionite was 
added. The absorbance at 400 nm was recorded after 10 minutes, 
on a Varian U.V.-Visible Spectrometer Superscan 3. 
(ii) CoppeP 28 • In the evaluation of the Na2co 3 
method of decomposition,it was found that added Cu (as well 
as Co, Ni and Zn) could not be completely recovered. A.A.S. 
was used for these analyses. It was decided to analyze the 
same solutions for Cu by a colorimetric analysis using diethyl-
dithiocarbamate. 
In the colorimetric analys the cupric ion reacts with 
sodium diethyldithiocarbamate to form a complex which is sol-
uble in cc14 . Addition of a citrate -EDTA mixture prevents 
interference from Fe and Mn. A sample solution was added to 
a separatory funnel, to which was added 25 ml of the citrate-
EDTA mixture (200 g ammonium citrate and 50 g disodium, 
ethylenedinitrilotetraacetate dm- 3 of water, with the pH 
adjusted to 8.5 with NH 40H). The carbamate solution (3 ml, 
1%) and cc1 4 (10 ml) were added and the solution was agitated. 
The cc1 4 layer was transferred to a centrifuge tube, and a 
further 5 ml of cc1 4 was added to the original aqueous 
solution. The cc1 4 layer was then centrifuged at 1200 rpm 
for 5 minutes. 
Suitable standards were prepared in a similar manner, 
and the intensity of the Cu complex absorption measured at 
both 440 nm and 500 nm, using a Varian Techtron U.V.-Visible 
Spectrometer Model 635. 
es 
Correlation analyses were carried out separately on the 
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analytical data obtained for the soil samples by HF digestion 
followed by A.A.S. analysis, and by electron microprobe 
analysis of concretions and an Fe pan. 191 The computer program , 
(S.P.S.S. -The Statistical Package for Social Scientists) was 
used to produce correlation coefficients and the level of 
significance. The program was run on a computer (Burroughs 
B6700) at the University of Canterbury. 
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CHAPTER 8 
TRACE ELE~lliNT ANALYSES IN SOILS 
The analysis of trace elements in the soil sequences 
and iron-manganese concretions of this work has raised some 
questions pertaining to such studies. Although attempts 
were made to answer these questions, further attention is 
required to fully resolve the issues. In this Chapter a 
summary of the problem areas is given, which may prove 
useful for future work. 
The problems originate in the complexity of the soil 
system, which has physical, chemical and biological properties, 
and in attempting to interpret analytical data mainly in terms 
of soil chemistry. 
THE SAMPLE, SAMPLING AND SA~..PLE TREATMENT 
One of the shortcomings of any study of trace elements 
in soils is the need to take samples from the ld into a 
laboratory for analysis. This can result in changes occurring 
to the soil sample. For example, air drying of soil and 
greater penetration of oxygen from the atmosphere, can lead 
to oxidation of iron and manganese oxides, and a change in 
microbial populations. In such a way, the sample is changed 
from what it was originally in the field-- not in the content 
of trace metals, but in their form. 
The first problems encountered in soil studies are 
obtaining a sample and deciding on the type of sampling proc-
e to use. In this r,vork, changes in trace elements in soil 
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sequences were to be studied in relation to soil forming 
factors. In previous studies 20 ~ 2 ~ sites were selected for 
similar purposes, and so comparable sites, adjacent to those 
of the previous studies, were selected. Care was taken 
nevertheless, to avoid the influence of other factors as 
much as is possible, which would complicate the present 
study's aim. Sampling randomly would mean that many different 
soil forming factors would have had an effect on the soil 
samples, and that therefore the information derived from 
the analysis of such samples may be of a more general nature, 
and more applicable to a soil survey, rather than the study 
of the effect of one soil forming factor. 
The question of sampling is also relevant in the 
concretion study. The three concretions analyzed in detail 
did have many similarities between them in terms of trace 
element concentrations, however,there were also differences 
between them, even though two of the concretions were only 
centimetres apart in the ground. 
The separation of a soil into various particle sizes 
is a common practice in soil analysis. While a necessary 
process in order to simplify any analysis the size designations 
are arbitrary, and the separation process itself can lead to 
changes in the soil, such as comminution of particles which 
can obscure the boundaries between the particle sizes, espec-
ially for silt and clay. It would appear therefore, that any 
comparative studies of soils in terms of particle size group-
ings is subject to some uncertainty in the amounts of each 
particle size obtained. 
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RESULTS 
The analysis of soil material can pose questions as to 
the accuracy of the data obtained. No standard soil samples 
were available for confirming the accuracy of experimental 
methods, and although standard rock samples were available, 
there are considerable differences between soils and rocks. 
Various decomposition techniques and instrumental methods were 
used in an attempt to assess the accuracy of the results, and 
though some factor (unknown) may be operating to prevent· 
accurate data, the data should at least be precise and suit-
able for comparative purposes. 
The presentation of such voluminous data has been a 
concern, both from the point of view of compactness,and being 
able to analyze the data meaningfully. In the chronosequence, 
the data for the various soils was presented on a volume 
basis as well as on a mass basis 1 in order to be able to 
compare different soils. More attention in the future should 
be directed at comparisons of different soils from.different 
places as analyzed by various workers, as it is likely that 
the treatments employed in the present work are in some 
respects inadequate. Attempts should be made to scribe 
the variables in soils in measurable terms, in order to 
relate them quantitatively,and thus to eventually achieve a 
soil chemistry description of wide usefulness. 
The interpretation of the data from the extraction 
methods remains very generalized. ~1any extraction solutions 
can be used and one of the difficulties in interpreting the 
data obtained is that it depends on the concentration of the 
extractant used, the and vigour of the extraction method, 
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temperature, particle size, etc. The different properties of 
different soils often makes comparisons difficult, and it is 
likely that comparisons will be more valid with soils of the 
same type. A second major shortcoming of extraction type 
work is that laboratory experiments are performed under 
conditions completely different to field conditions, thereby 
making it difficult to interpret laboratory results in terms 
of field conditions. 
The final problem area, as far as results are concerned, 
is the statistical treatment of so much data. Care is requir-
ed in the choice of statistical tests to be used, and it is 
essential to confirm the results of such analyses with 
results of other analyses. For example, the correlation 
coefficient is widely used, but as was pointed out in Chapter 
6, indiscriminate deductions from such parameters can be 
misleading. 
CHOICE OF ELEMENTS TO STUDY 
It is apparent from this and other studies that a multi-
element study is essential because of interelemental effects, 
especially as can be seen in the iron-manganese concretions. 
With this in mind it is important which elements are studied. 
In the present work, the rst row transition metals, many of 
which are essential trace elements for plants, were selected 
for study. By selecting the entire first row of elements, it 
was envisaged that having elements related by periodic changes 
may prove of value and interest in such a study. The results 
have shown that the elements of the left and right sides of 
the first row of transition metals have different soil 
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chemistry. The most abundant trace elements -manganese and 
iron~which are in the centre of the period, display chemical 
properties typical of both the left and right hand sides of 
the period. As a consequence, the soil chemistry of the 
trace elements, which is strongly influenced by manganese 
and iron, becomes quite complex. 
FUTURE WORK 
This study has highlighted some of the shortcomings 
of soil studies, and these could constitute areas for future 
work. Besides this, the present study has produced data on 
trace elements in soil sequences and iron-manganese concretions 
which can be explained in terms of the environment they occur 
in. Such information can be of value in agricultural prac-
tices, and a knowledge of trace elements may lead to a fore-
casting of the trace element status of soils as a source of 
micronutrient elements for plants and animals. 
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